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edited by M.F. 1lamilion snd D.T. Blacksiock
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OBSERVATION OF SONOLUMINESCENCE, FROM A SINGLE, STABLE
CAVITATION BUBBLE IN A WATER/GLYCERINE MIXTURE

D. FELIPE GAITAN AND LAWRENCE A, CRUM
Natonal Center for Phiysical Acoustics
The University of Mississi,
Oxford, Mississippi 38677 USA

ABSTRACT

High -3%::&0 pulsations of a single gas bubble in s glycerine and water mixture have been

wined in an i i ~Séuwﬁgcn-zgtgaimglzﬁ,lp_u
MPa, Cavitation were unch istically absent and no surface weves were
d ble. Simul ly, tumi with sufficlent intensity 10 be scem with the
unsided eye in a daskened room has been observed 5&*..58 at the noﬂ..ne..n center of the
bubble, N-«v&:ﬂ::_ radius-time curves have been obta ned by a light scattering techalque
which show the pulsations of the bubble to be periodic in time with & frequency equal to that of
the driving pressure. The phase of the sonoluminescence flashes has also been messured and
the simuluneity of sonoluminescence emissions and bubble coll pse has been established, The
implications of these observations on the peesent understanding of acoustic cayitation will be

© +  discussed.

INTRODUCTION

Nonliricar radial pulsations of gas bubbles have been studied ively both peri y
and theoretically {16}, However, b the threshold ic p plitude for the
resence of surface waves [7] s relatively small (a few tenths of & bar), nnwﬂ_ﬂg i the past
n-ﬁ been restricted 1o smail plitude pulsations - Ny less than devistion from
equilibrium. In this experi . large amplitude radlal pulsations of a single bubble with
expansion ratios (Rmax/Ro) as large 83 7 have been observed In a levitation chamber that
f a stationary wave to ically levitate the bubble, Even with driving pressure
.:._.__:&a as high 33 0.1S MPa, no observable bubble break-up was observed for
t periods of th ds of ke cycles. For taete parameters, wo have also
calculated collapse ratios (RmivRo) of 0.05 0 0.1 based on the recent theory of Prosperettl er
al, [5]. Because of these relatively low values of the coll pse ratlo, and because our cakeulsted
values cf the radius-time curve are quite similar to the measured ones, we gre reasonably
confident that we are tryly observing sonoluminescence from s single, stable (as opposed 1o
transient) cavitation bubble,
Because of ihe deterministic charscter of o pulsating bubble, this system offers o unique
opportunity 10 study simul ly both nonlinear bubblo pulsations and the refatt cly little
E&oioﬁw ph of sonolum

459
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D. F. Gaitan, et. al,, J. Acoust. Soc. Am. 91 ,3166-3183 (1992).
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FIG. 1 & Phase plane for continuous single-bubble sonoluminescence. The

no.rEau_uvo.:-un.an«t:::S measurement of Galtan, b, Photons per
burst as a function of acoustic frequency; p' has been chosen to maximize
the tight output,

B. P. Barber and 8. J. Putterman, Nature 332 ,318-320 (1991).
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FIG. 2 The average of single-pulse outpuls of the
photomuitiplier tube, 8, SL data as recorded by s
conventional (R928) PMT; b, same as &, but using
8 34.ps laser puiser (Hamamatsu PLP.O1) as the
light source. 8 and b were obtained by running
the PMT oulput into a digital sampling scope
{HP 54201A). ¢ and «f Data for 3 microchannel-
piate PMT (Hamamatsu R1564U) running into a
20-GHz digitat sampling scope (Tektronix 11802).
c is for the SL source, and d for the 34.ns laser
pulser,

B. P. Barber and S. J. Puticrman, Nature 352 L 318-320 (1991).

[TR-20]
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FIG. 1. Voltage versus time at the output of the 'MT for SL and the 'L,
The time scales are chiosen so that the twa curves pass through the S0% level
al the same time. These curves correspond fo the recording of about 2§
photaclectrons. After passing through the delay fine and 20-d1 attenuntor a
single photoclectron corresponds {0 n peak amplitude of 2 mV,

B. P. Barber, ct. al., J. Acoust. Soc. Am. 91, 3061-3063 (1992),
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R. Hiller, ct. al., Phys. Rev. Lett. 69, 1182-1184 (1992).
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) Observation of a New Phase of Sonoluminescence at Low Partial Pressures

: Bradley P. Barber, Keith Weninger, Ritva Lofsied(, and Seth Putterman
' ' Physics Depariment, University of California. Los Angeles, Colifornia 90024

. . (Received 17 February 1995)
SL in 0.1 Molar NaCl / Water Solution

The acoustically driven pulsations of a £as bubble lead to 10%fold changes in its volyme and the

emission of a light flash upon collapse. Mass diffusion between the bube and the 333 dissolved 10 (he

mﬂ_ﬂ gca_wv - surrounding fluid mizintains this steady-statc bubble motion only at jow partial prexsures, around 3 Torr.

This diffusion-controlled regime is uniquely I o i (SL) from hydrogenic gaces

and polyatomic gases with low adisbatic heating. Our analysis indicales that the peovious| eshiguicd
SL from bubbles a1 200 Torr requires & nondiffusive mass flow mechanism.

PACS pumbers: 78.60.Mq

. A gas bubble trapped in water can transduce the energy  requires that Wi partial pressure of gus dissolved in the

. issi of a macroscopic sound field down to the microscopic  fluid be given by 17.8]
H ium emission - level where it is emitied as picosecond flashes (1) of 3
0 sodium e ultraviolet light [2]. This ph i FolPo = Y(Ro/RY. 3
1.2 ﬁ \ co {or SL), is parti y itive to the ampli of the  where P, is the part pressure, P is the ambient pressure
' . imposed sound field, the ambient temperature of the water  (1.aum), Ry is the ambient radius where the pressure of

{3}, and the gas composition of the bubble [4). This (he gas inside the bubble is the ambient pressure, and R.
last parameter depends on the concentration of the gas  is the maximum radius 10 which the bubble expands in
dissolved in the water. In particular, the observation of  response to the drive. The relation (1) is derived from
SL from a single bubble of air requires that the water pling the di ime curves, R(1), for
" be somewhat degassed (5], whereas with pure asgon the  driven bubble to the diffusion equation for gas dissolved
intensity of the light emission is relatively ind dent of
the dissolved concentration [4).
Here we report the observation of a new phase of SL
which makes this ph ible to hydrogeni
and polyalomic gases. As shown in Fig. 1, this phase is I
h ized by very low ions of dissolved gas g
(about 10 ppb for deuterium) or, cquivalently, low par- m
tial pressures of solution of the gas in the water, In this
region of parameter space, the steady-state motion of ev- 2
ery trapped bubble is panied by light emission, as W

16

Relative Intensity

1% Xe in N2

i~ L 4 -
imm Hg)

in Fig. 2, which shows the siable dynamics of an ethane
bubble as a function of the acoustic drive level. Below the
lowest drive level, the bubble is unsiable against dissolu-
tion in the water, and when driven at an amplitude sbove
the upper threshold the bubble disappears. We have also
found that the stability of light emission from pure noble
gas bubbles d ically imp us the pantiat p AR
15 reduced 1o the level where light emission from poly- PARTIAL PRESSURE (mm Hp)
atomic and hydrogenic gases is optimized. FIG. 1. intensity of SL for cthane and deutenurm as a func
The investigation in this region of parameter space was  of panial pressure of the gas dissolved 1n the water

motivated by considering the mass flow between the pul-  intensities are noraalized 1o e at 150 Tor  Avr ..:;ow...
sating bubble and the gas dissolved in the sumounding ”_.“_Me_ .“.___.._«Jﬂm_.: o_q Wauua:__um.._m H”_rﬁun_gvhﬂt_ war.:c
fluid {6-8]. When the bubble expands in response to of 3 fow Tow. Beiween 50 and 150

the rarefuction of the driving pressure, the pressure of the i

8as inside it decreascs and mass diffuses into it from the

~®- 3% ARGON N 7

" " i n

300 400 500 600
Wavelength (nm)

painis cotrespond

fluid; when the bubble coliapses, the gas pressure inside it
causes mass o diffuse out. Requiring the net mass Now

n. The experuncnis
ors {w. = 35 KHay
The satwrated molar solu

per dcoustic cycle Lo vanish specifies the ste Jy-stute solu-

tion of mass diffusion and the bubbie dynamics. For suf-
ficiently nonlinexr bubble motion, diffusive equilibrium

5276 0031-9007/95/74(26)/5276(4)506.00

Dy, €K, acnon, an
and 13 ppm. respectively
give ¥ measure of the sysiemal

uges wuler are about 15, 4
e Iwo runs with ©
ns

© 1995 The Amenicun Physical Souviety
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FIG. ). Phase-spece recomstruction of a typical bifurcation

FIG. 1 Sequence of rasieth

occurrences of a givea Az, measured

& bubble Efetime. The bia wideh is 0.25 asec. Time zere b o

ways defined o the time of the previous

#90c delay. The hisograms show (a) a single 5 ®)2  periodh
maxima, (c) 4 smaxims, 20d (d) & broad dinstribution. The fre-

quency wai slowly detuned abowt 0.01 kiHzx

cation. Re~S$ um. P~1.3 atm, sad f;=17.0 kHz.

Jet Propuliion Laborssory,

In tims 4As b
Trom a siagie bubble.- The date are bistograms of the ssaber of

SL Rashes

duriag part of
Sach phus the ~36

sequence of time secies 42, Each Individual data point is 2 tuple
of the form (84,.4t0-1.00,-3) gencrated asing a single time
saries of fush data, whers ) S XN, oad A is the sumber of
data polats (scowstic cycles) in each tme series. Bifurcation of
the variation 4z.from period 1 (2) 102 () te € (c) te & quasi-
sats (d) is clearty shown. (3)-{4) are the attractors
recosstructed from each of the 4&r time scrics i Figs

b0 lniciate the bifar-  2(a)-2(d), respectively. (o) s the distridution of poiatwise di-
mensions for (4).
Chaotic Sossluminescence

R, Glyea Hokt
MS 181401 4808 Ouk Groce Drivv. Pasadene. Colifornia 91100

D. Fefipe Gokan sad Asihony A. Atchiey
Depersment of Physict. Navel Pasigradues Schoel, Monterey, Coliforsia 93943

Instivot fir Rmgemandse Phrsik. Vechaischt Hockschube

Soachim Holzfwes
Dormuad. Schossgarsmswasse 7. 04419 Doremstods. Germeny
(Rovsived 12 Horensbar 1993

78
pure N,
50

Impurily con-

N, dissolved at 1

. (B) high drive. The SL

5
Time (s)

intensily has been normalized to the emission of
an air bubble al the standard paramelers delin-
eated in Fig. 1. Uncertainty in the

centration ls about 0.05%. The

0.04—— | - — | ——f-—i|=oe-

3 3 4 .
Fig. 5. Time dependence of SL from a
ory (over 100,

bubble In water (wilh

mmHg): (A) low drve

17

long-term mem-

000 cycles of sound) displayed in
as yel' unidentified

the transition to SL. We were unable to observe
steady SL from a single N, bubble. The average

this dala is indicatlve of an
physical process thal is an essenllal aspect of

eady mo-
, W8 were unable to ob-

radius also drfts on the same lime scales in
these regimes. Because of (his nonst
‘tlonvand weak ‘emission

lain a speclrum of a N, bubble.




[TR-35]
C 4
LI
e} ¢
00!
o
g 0
B A
o4 Iy
R as x...
ey
2
Y
Tt
. . embedding dimension
F1G. 4. Chaotlic behavior in flash variation 7. (a) is the at-
tractor reconstructed from the flash time series. (b) is the dis-
tribution of pointwise di ions for (a). (c) shows the resuits
of calcelation of the Lysp p for the sitractor in
(a). .
YoLume 72, Numser 9 _-:<u-ﬂ.>_n REOVIBW LETTERS 28 FESRUARY 1994
Chaotic Seneluminescence
R. Glynn liok

Jet Fropuisien |aharatery, MS 185481, €808 Ok Grore Drtre, Pasadena, Catifornia 91109
D, Fetine Gaiten and Anthony A, Atchiey
Departwient of Fhpsics, Narel Festgradnote Schoal, Munterey. Colifarnie 91941

Jouchim {iolxfens

Institet for Angrewondte PAysik, Technische Hockschele O, Schioes g 7. 44289 D\ i, Germeny
(Received 12 Nevember 1993)
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Water Temperature Dependence of Single Bubble Sonoluminescence

Sascha Hilgenfeldt,' Detlef Lohse." and William C. Moss?
'Fachbereich Physik der Unmiversitn Marburg, Renthof 6, D-35032 Marburg, Genmany

Lawrence Livermore Natioval Lob

y, Li . California 94550

(Received 22 September 197)
The strong dependence of the intensity of singhe bubble sonohmincscence (SBSL) om water

T observed in

pressure. The sirong imcrease of light emission at

can be sccounied for by the tenperature dependence of the material
constants of water, most essomially of the viscosity,

dﬁmdﬁlhyh-m,“dt&vw,

low waler temperatwres is duc 1o the possibility

of applying higher driving pressrcs, caused by increased bubble stability. The pre<enied cakculations

conmhine the Rayleigh-Messet

based Irydrod

RINCY PRI

Y ) 2ppe
dynamical calculations of the bubbic's intetior. 1SU03£-9007(98)05321-9)

PACS nuishers: 78 601 Mq

Oue of the rcmaduble featmes of single bubhle
sonoluminescence (SHSL) 102§ i e seasitivity of
the light emission to the water lemperalure experimen-
tally found by the UCLA group {23 of Fig. 1. To
obtuin these results, Burber ef of, proceeded as fol-
tows (Refs. 12.3.5)):  Waer was coled to x tempera-
tuic of 2.5 °C und completcly degassed. An air pressurc
oveshead of 150 Ton. conespanding 10 abort 20% af pas
satoration. wie adjosted and sevliminescence (Sh)y ex-
poriments were perfonned, stitl . 2.5°C. Then the water
was eated 10 20°C withona 1cadjusting the pas concen-
teation. and the SL experiment was vepeated. Finally, the
same measurement was performed afier heating the water
10 32°C. At all three temperatures, the forcing pressure
anplitude 12, of the driving s fictd was adjusted in
des ta give mxitmum light inten ty. white nuintaining
hubble <ubitity againg fragmentation (siahle SL). Ac.
conding 1o the St il plore” dion e e o i Bl 190 o

aach 40 SBSL and (ull gas

strong bubble collapse sesults in 2 satisfacicy fit with the
physical values for o and ”.

Because of the complications in the fits of Refs. {2.3),
the resulting data should be read with some care. This is
atso reflecied in Fig. 3. where we display the data frown
these two teferences for the cxpansion ratio (maxinm
radius R, divided by Ra): they show large deviations
at otherwise unchanged parmmciers, The CXPIMSION catio
is & quantity checly rclated 10 the vivlence of cllapre
und thercfine, esmbly, to the imcunsity of cnagy
concentration and fight emission {41t is therefire
puzzling that the same light intensity has been observed
in Refs. [2.3] in spite of the different expansion tatios
repotted in Fig. 3,

The cential clsim of this paper is that the observed
dependence on water fempeciture 77 in Figs 1-3 cay
be accounted 1o by the T dependence of the watesiat

[Ev-d1]

The acoustic emissions from single-bubble sonoluminescence
Thomas J Matuta, Ibratum M Hallaj. Robin O. Cleveland, and Lawrence A. Crum
Appited Phasics Laborainny, Unperun 4 Wushmgion {01t NE 4O Street. Seaide, Wishingion 98105
Wikiam C. Moss
lavrence Lisermare Nanonol Lobornns 19¢) Bar Hor Lorermare, Colifornia 94530
fonaid A, Roy )

Deparement of Aetospace and Mechanuat Enginereing. Hosion Unwersity, 110 Cummington Siveer, Boston,
Alussuchusens Y2215
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Measurements of Sonolununescence Temporal Pulse Shape

To b\owmp?. June 1, 1993

M. . Moran and D. Sweider, LLNL

brq“. Ruv. Letters
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mo:o_..:.:daasw Air Bubbles Rectify Argon

Detler Lohse,' Michael P. Brenner.* Todd F. Dupont.’ Sascha Hilgenfeldt.' and Blaine Johaston*
! Fuchbereich Physik der Universuds Marburs, Renthof 6. 35032 Marbury. Germany

D, of Math,

Insutute of Technology, Cambrdge. Massachusens 02139

Department of Computer Science, Univ rsity of Chicago. Chicago. lllinots 60637

*Department of Phvsics. University of Chicago. Chicago. lllinows 60637
(Received 24 Apni 1996: revised manuscnpt received 8 October 1996)

The dynarmucs of single bubble sonoluminescence 1SBSL) suongly depends oo zx percentage of inent

of

$3s within the bubble. We propose a theory for this based on a

trom sonochemisiry and hydrodynamic stability. The niuogen and oxygen dissociauon and subsequent
feacuon (o water soluble gases imoues that swongly forced aur bubbles eventually consist of pure argon.
Thus 1t 15 the parual argon tor any other inent $3s¢ pressure which is relevant for subility. The theory

provides quanutalive explanauons ror many aspects of SBSL. {S0031-9007(9702404-6}

PACS numbers: 73.60.Mq, 42.65.Re. <} 28 vy, $2.30.We

© « Hott & Gaitan
 Lotstedt ot al.
0.02
mo unstable SL.
b4
& 0.01
no SL stable SL
0.00

1.1 1.2 1.3 1.4
mvu\vo

' FIG. . Phase diagram for pure argon bubbles in the PR /Py
versus Po/Py parameter space. from {S]. but now with
experimental data included. Stable SL js only possible in a2
very small window of argon concentration. The experimental
data points refer 10 observed stable SL (filled symbols) or stable
non-SL bubbles (open symbols) and are exuracted (using the
present theory) from Refs. (7] (diamonds) and {18} (circless
and show good agreement with the theory. This theoretical
figure compares well with the expenmental result: cf. Fig. 1(c)

of [18).
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Sonoluminescence: An alternative “electrohydrodynamic”
hypothesis

Thierry Lepoint,*) Damien De Pauw. and Francoise Lepoint-Mullie

Laborasoire de Sonochimie ¢t d'Etude de la Cavuanon, Institus Meunce-CERIA 1, Avenue E. Gryson,
1070 Brussets. Belgium

Max Goldman and Alice Goldman

Laboratoire de Phvsique des Decharges, Ecole Supeneure d Eleciricué, Plateau de Moulon,

91192 Gif-sur-Yveste Cedex. France

(Received 4 Apnil 1996; peed for pudli 24 September 1996)

FIG 5. Schematic representation of the two models of jet breakup: (a)
breakup associated with the positive mode of charging {*'positive’" curva-
ture of the neck according 1o the nomenclature by Iribamne and Klemes
(1974)); (b) negative mode of charging,

J- Acoust. Soc. Am. 107 (4). Apri 1997
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F Seue.! G Ruocco.” M. Knsch.' C. Masciovecchio.! R. Verbeny.!
*European S\ncnrotron Radianon Faciluv. 8.P.
tiversig di L Aquua and {suiuie Nazionale di Fuica della

Transition from Yormai to Fast Sound in Liquid Water

1Received | Apal 1996)

3 . \ Liquid H,0
304

Q) (meV)

15

104 O Keldmy

s 0 weilmev
O We30mey

0

Q 2 4 6 8 10 2 14 16
Q(am™)

FIG. 1. Excitation cnergies. U{Q) from the DHO model,
for the new high resolution data (O, Se€ = 1.4 meV) and
from previous IXS expenments (0. §e = 3.2 meV (6); o,
be = 5.0 meV, [5]). The open symbols refer 10 the dispersing
excitation and the tull diamond to the weakly dispersing ones.
The dotted line. wuh a siope of 3200 m/s results from a ft
for @ 2 4 am™'. The inset shows an enlargement of the low
@ region, where the (ransition from fast toward nomal sound
1ahes place. as emphasized by the two lines corresponding to
the fast and normal sound branches.

and U. Bergmana!
0. £-38043 Grenoble. Cedes France
Marena 1-67100. L'Aquila. fraly
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Sonoluminescence as Quantum Vacuum Radiation

L Claudia Eberlein®
Oepurunent of Physics, Universiy of Hlnais at Yrbana-Chuspuagin, Urbana, Hhaoe 61501 1080
(Received 2 June 1995 revised nanusengs recerved 1 December 1995)

. Sonoluminescence 15 explained in terms of Quantum vacuum cadigtion by mioviag wntesfaces butween

media of dilferent p ility. It can be
s q of the of the

n

as 3 dynamug Casinur eftect, un the senve that o

P

s of the el o tield duning the

nomneruial inotion of 3 boundary. The wransition amphitude from the vacuuni 1n1o v 1wo-phoion sale
[N maH { ism and turns out 10 be guverned by the tramvition mainia clcaent
of the radiation pressure.  Eapressions for the spectral densuty and the 1ol radiawd cnergy e given

{50031-9007(96)00240-2}

PACS nuimbers’ 78.60.Mq. 01.70.+4, 42.50.L0

Sonolumi +

isa that has 50 fur re-
sisted all atempts of explanation. A short and intensc
flash of light is observed when ultrasound-driven air or
other gas bubbles v water collapse. This process has
been known for more than 60 years to occur randomly
when deg: water is imadiated with gl d {1).
Recently interest has been revived by the contriving of
stable sonoluminescence {2,3) where a bubble 15 trapped
at the pressure aniinode of a sianding sound wave in 3
spherical or cylindrical comtainer and collapses and re-
expands with the periodicity of the sound. With a clock-
like precision a hight pulse is emied during every cycle
of the sound wave, the jitter in the sequence of pulses
15 almost unmeasyrably small. Shining laser light upon
the bubble and analyzing the scattered light on the ba-
sis of the Mie theory of scastering from spherical ob-
stacles one has been able to record the tine dependence
ol the bubble radws (4], these experiments showed that
the flash of light 1s cmited shortly after the bubble has
collapsed. i.e.. shortly after it has reached its minimum
radius  This and the fact that the specteum of the emii-
ted light resembles radiauon (rom a black body at sev-
eral (ens of thousands degree kelvin have led 10 ihe
conjecture that the hight could be thermal radiation (rom

comesponding {o the observed number of photous above
the absorpuon edge. une quickly convinces uneselfl that
this would be Lu tao mach 1o lcave o nnioscopically
discermible taces i the waier. s, 1or instance, dissocia-
tion {8): hawever, nouung the Tike 1s vbserved. Another
very strong argumient agurast all three of the above the-
ories ix thut the processes iavotved in each of them are
far 100 slow 1u yiceld pulse lengths of 10 ps or less, but
which ure observed  Moreover. if u plasing were formied
1n the bubble, one should see at leasi remnanis of slow
recombination 1adiation (rom the plasimia when the bubble
reexpands.  As to the theory 1avolving vibration-rotation
excitations, the linc broademing required 10 model the ob-
served spectruim seems rather unreahisic

In its concept the (heory (0 be presented here has been
loosely inspued by Schwinger's wdea (9] that sonolunu-
acscenve might be akin 1o the Cavinng eflect, i the sense
that the zero-pont fluctuations of the electiomagnetic field
might lic at the ongin of the observed radiation. More
closely related 10 1his s the Unruh effect well known
in field thcory {10 s ongingl siatement is that a um-
formly acceleraled marror in vacuuin enwts photons with
the spectral distribution of blackbody rudiation, However,

the highly compressed and heated gas contents of the
bubble after the collapse {S). It has also been argucd
that the experimentally observed specirum would equally
well be compatible with the 1dea of a plasma formn-
g 4t the bubble center after the collapse and radising
by medns of bremssicabilung {6]  An altemuuve oS-
hon has tried 10 explam (he sonoluninescence spechum
4y pressure-broadenced vibration-rutation hines 17} but al-
though this theory has been very suceessiul i the vase ol
randomly excited {mulububble) sonvlummescence seen
sicone oitathas been mefficucious fur sunotuminescence
1 water

All ot the sbove theones have senous flaws  Both
blackbody rudiatwn und bremsstrahlung would muke o
substantial part ol ihe radiated energy uppear below
200 min wheie the suirounding water would absorb i i
une eslimates the total smount of cnergy 10 be absprbed

.

the ph non 1s far more geaeral than that and in par-
ticylar not restricted to perfect mirvors  This kind of quan-
tum vacuum radistion has been shown (o be generated
also by moving dictectnes {11]  Whienever an mtesface
between 1w dielecings or o diclectnie and the vacuum
moves nomineraalty photons we created I practice this
effect w very leeble. so that i s up 10 now been tu
beyond uny eapeimental venboation  Sonulumineseence
might be (he st Wemsliable manitestanon of guantum
vacuum radoibon

The mevhaninm by which radianon nam moving Ji
cledtries and meron i vacuum s created 1y undeestood
mos casity by pretuning the medium as an assembly uf
dipoles  The 2eio pomt Nucations wl e cleciionag
netn beld mduce these depates and eaae thea
However, ax long as the dielectie stiys stsanary of i

fortnly moving such cacatatons seanan suals el pho-
BN are cicated vndy when the diclegtin o npos IMoves

30
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Influence of Resonant rf Radiation on Gas/Liquid Interface:

Can It Be a Quantum

Vacuum Radiation?

Mirostay Colic'2* and Dwain Morse!
'R&D Division, ZPM Inc., 3770 Thomwood Drive. Suite C. Goleta, California 93117
*Materials Department, The University of California ai Santa Burbara, Santu Burbara. Califurnia 93106
(Received 5 September 1997)

Sonoluminescence, a resonant cavitation of the gas/liquid interface with the kHz ultrasound, produces
visible light and splitting of water. According to the quantum vacuum radiation model of sono-
{ ence. high-Q radio frequency (if) or microwave cavity with movable walls should
produce similar effecis. The similarity of the effects of highly resonant nonthermal of described in this
Letter and sonofuminescence suggests that quantum vacuum radiation might indeed be the most feasible
model to explain both phenomena. (S0031-9007(98)05506-9]

PACS nuimbers: 78.60.Ya

The concept of wreating the gas/water interface with
different stimuli to produce unusual effects hus received
considerable attention in recent years due to significant
interest in the sonoluminescence phenomenon. Sonolu-
minescence {1 -3} is an emission of light 1esulting from
fesonant ultrasonic treatment of water containing bubbles.
The generation of visible tight from 24 kHz ultrasound
is an amazing amplification in frequency of 11 orders
of magnitude.  Interestingly. while the duration of ultra-
satsd pulses is b mictoseconds, the emitted visible light
pulses bunst in picoseconds [1]. Tiie mechanisnis of the
sonoluminescence phenomenon are stitl largely unknown.
Eberlein recently proposed » quantum vacuum rudiation
theory of sonoluminescence (4] which predicts that un os-
cillating electromagnetic field (EMF) strungly influences
the hydrophobic gas/water interface. In this model, the
twa interfaces with ditferent potarizabifities twater aad

-31

and survived freezing, thawing cycles or boiling in a clused
container. It was also realized that careful outgassing of
the water solutions resulted in the lack of any measurable
EMF effects. Atomic hydrogen seems 1o be stabilized in
a hydrophubic hydration cage of argon or carbon dioxide.
Sonoluminescence phenomena also cease to exist in the
absence of noble gases or carbon dioxide (3. Outgassed
water has to be sparged with gases containing either a
small amount of noble gases or cachon dioxide to produce
sonoluminescence or EME eftects on the gas/iquid inter.
face. Our preliminary experiments even identified delayed
¢l emissions upon cessation of primary ff treatment (un-
published data). The association of two hydrogen atoms
into a hydrogen molecule radiates 20 ¢m wavelengih Iy
This is the frequency that radio telescopes are programed
to identity, Others have notived that the presence of water
V- S
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Sensor Physics: Signals and Noise
Introduction

Equilibrium-Thermal Noise
Relation of fluctuations to dissipation
Total-energy methods; frequency distribution
Examples

Shot and Nonequilibrium Noise
Basic theory
Molecular collisions
Metals and semiconductors

Sensor Calibration
Reciprocity calibration
Bessel-null methods

Summary
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(I-3)

Fluctuations and
Noise in Thermal
Equilibrium

(-4)

Applied Research Laboratory - Penn State
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Given an initial displacement of
1mm, how long will it take for the
amplitude to decay to 108 mm?

(A 10 mm amplitude is
equivalent to an applied
acceleration of 0.5 micro-g’s.)

Limisql ppt




(I-5)

&

esonant Systems: Q

ik %

(1) 27 times the number of cycles required for energy to decay by e”/; x times the number of cycles
- for the amplitude to decay by e/, Alternately, Q = xN/lIn(x) where N is the number of cycles for
the amplitude to decay by a factor of x. .

(2) Ratio of the resonance frequency to the width of the resonance peak. The width must be measured
as the full width from one half-power point to the other.

(3) For series-connected elements: the ratio of mass reactance (or stiffness reactance) at resonance to
the resistance. For paraliel-connected elements: the reciprocal of that ratio.

(4) 2z times the encrgy stored in the system divided by the energy dissipated per cycle; 2 times the
resonance frequency times the stored energy divided by the power dissipated.

(5) The reciprocal of 2 times the damping factor; the reciprocal of the loss tangent.

(6) If the damping is high (smalt Q), the resonance is isolated from other r es, and there is no
other mechanism to generate a changing phase, the Q can be determined from the rate-of-change of the
phase (in radians per hertz) at the resonance frequency:

- L[4
€= 2[df),o

(I-6)

(7) From a curve-fit on an HP3562 dynamic signal analyzer: the curve-fit produces a conjugate st of .
poles, f, +/~ if;, for a resonance peak. The resonance frequency, 3, and the @ can be found as follows:

o =N+ s

1 e :
0= v~
2/,
where the approximations are valid for large Q.

(8) Drive the system with a square wave and observe the ringing at the edge transitions of the square
wave. If the peak-to-peak amplitude of the first half-cycle of the ringing is o and the peak-to-peak
amplitude of the second half-cycle is b, then the damping factor is:

fo e
20 JIn*(a/b)+ x*

Note: The equivalent noise bandwidth of a simple resonant system is:
f

Afg = 20
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Wcs””fo : pqmpedeass-Spring (-7

R LA BN,

IMPROPER PROPER
mx + Rx + kx = 0 mx + Rx + kx = SR
m m

dmpdons ppx

: (1-8)

_ If there is a path along which energy can flow from a system to its
environment, then energy from the environment can Sflow back into the
system. Dissipation is a measure of the energy that leaves the system: (either
as ordered energy in the case of radiation or as disordered energy in the case
of damping); thermal fluctuations are a measure of the disordered energy
that enters the system from the environment. In thermal equilibrium, the
presence of dissipation guarantees the presence of fluctuations.

Mechapical Thermal

N Damping Radiation
& /\/\f\/‘

I Acoustic
Radiation

35
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uilibriuvi Thermal Fluctuations ©(19)

Total Energy

Each degree-of-freedom of a system has a “thermal” energy of //2 kyT where kg is

Boltzmann’s constant (1.38 x 10 joules/kelvin) and 7'is the absolute temperature.

This thermal energy associated with each of the components of kinetic energy (1/2 mv_2,
172 mv 2, 172 mv.%), spring-potential energy (//2 kx?), rotational kinetic (//2 Iw?), capacitive R

({72 CV, etc.

A molecule in a liquid has

A ball-bearing in a liquid has

An atom in a solid OR
A mass on a spring has

— ’-mvf = l-—/c,,T
2 2
1, 1

— -mv, = —k, T
2 2
i, 1

— —kx* = -k, T
2 2

[The velocities and displacements indicated above are mean-square values; they represent
an average of the actual fluctuating velocity or displacement.]

therml ppe

(1-10)

kpT at room temperature: T 0.025eV
Kf for visible light: 1.5-3 eV
acoustic wave (100 pPa in air): 0.4 eV/cm?
acoustic wave (100 pPa in water): 30 peV/ecm?
chemical bonds

covalent: 4eV

lonic: 2eV

hydrogen: 0.2eV

(1eV = 1.6x107" joules)
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by Protozoa ; © (1)

Loxodes striatus

proof mass, m = 45 picograms
range of mass motion, L = 3 um

sensor's potential energy = mgL
sensor's thermal energy = kT

200 um

7 um

(reprinted with permission mgL /kT = 330

from Ref. 2)

If linear dimensions of sense organ were
, - reduced by a factor of 4, then mglL/kT = 1 and
o e > the organism would be unable to distinguish up
from down!

1. Fenchel and Finlay, *Geotaxis in the ciliated protozoon Loxodes,” J. Exp. Biol. 110, 17-33 (1984)
2. Fenchel snd Finlay, “The structure and function of Muller vesicles in Loxidid ciliates,” J. Protozoo!. 33, 69-76 (1986)

Applied Research Laboratory - Penn State protozos.pp

zis*‘b){Bi_‘zj_'cfef_ia o (-12)

magnetotactic bacterium

magnetite

magnetic dipole moment, M = 1.3 fA m?
magnetic flux density, B = 50 ptesla

sensor’s potential energy = MB .
sensor’s thermal energy = kT

MB/kT = 16
{reprinted with permission N
from Ref. 2)
1. Frankel, 8. . and Wolfe, ite in fre ic bacteria,” Science 203, 1355 (1979)

2. Blakemore, Frankel, and Kaimijn, “South-seeking magnetotactic bacteria in the Southem Hemisphere,” Nature 286, 384 (1980)

Appiled Research Laboratory - Penn State Bacteria ppt
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(1-13)

Distribution of Energy

The distribution of thermal energy is given by Nyquist:
2
F;z = 4 kB TRmechanica[ df

Vn2 = 4kB T Relectrical df

R is resistance: force per velocity for mechanical resistance, volts per ampere for electrical
resistance. In general, the real part of the relevant impedance is used for R (which may be a
function of frequency). dfis the increment of bandwidth.

Since the noise power is distributed over frequency, the noise is described by a power
density (watts per hertz), or an amplitude-squared per hertz (newtons? per hertz, volts? per

hertz), or an amplitude per root hertz (pascals per root hertz, meters per second per root
hertz).

[The factor JksT is about 4x 102! at room temperature. These expressions are valid if hf <<

kgT where h is Plank’s constant. At room temperature, this means that f must be much less
than 10" Hz ]

What level of . sig'?za/ does the noise mimic?

therms ppt

(-14)

ACCELEROMETER a PRESSURE SENSOR
(microphone)

Set noise to zero and solve for signal response: a = gz

n = HF,)

Calculate noise-equivalent signal: a, = g(z,)

Set signal to zero and solve for output due to noise: z

i

38




P

giseFquivalent Signal

(1-15)

romelter

(ma,)’ = 4k,TRdf

Q2ldf = ak,T - 4kBT[&}
mQ

m

Pressure Sensor

(p,A) = 4k,TRdf

R w,m
2 _ _ 0
p.ldf = 4kBT—A—2 = 4kBT{A2Q}
(I-16)
2
:
A
F
8
o,
w2
b}
2
(@]
o
Frequency
39




(1-17)

A i(kr-wt)

Spherical wave (spherical source): P 7 e

Compute radial particle Su i) p
velocity from Newton’s Law -Vp = p— = u = (I + ——) -
. . ot kr) p
in fluid:

Mechanical radiation kr)’ k

pA r . r

resistance (ratio of force zZ = o pPe A{l ( L) 7 — ! L+ ()
to velocity): . +(kr) + (kr)

Radiation resistance for a point 2 /Of2 2
source (A = 4mr?): Re {Z}] - pecA(kr) . %

Pressure fluctuations associated I Re {Z} _ pf?
with “loss™ by radiation: Pi = 4ksT 42 = 4kTr c 4

(I-18)

Start with a rigid-walled box, side = 2L,
" “sensor in the middle.”

Modes have max pressure at

! walls and at center:

' 7 cos({mx/L), cos(my/L), cos(nmz/L)
-L 0 L

Wavenumbers are then:
k=1L k,=mnlL, k, = nwl
(spacing between k’s = #/L)
and & = k2 +k? +k?

Cell “volume” in k-space is (#/L)* with one k-point per cell.
Each mode gets k5T (1/2 for kinetic, 1/2 for potential) therefore,

k-space density of thermal energy = AT (L/n)?

40




d with Radiation (-19)

Energy in dk is energy in a spherical shell between k and k+dk.

Volume of shell in k-space = (4/3){(k + dk)? - k]
=4xk’dk for small dk.

Therefore, dE = kgT (L/n)* 47rk? dk, or, since k = 2xf /e,
dE = 327 kT L3 f2 df /c3

Divide by the spatial volume,(21)?, to get the true energy density:

E = 4z kT [ df /63

Another way to write the encrgy density is £ = p?/pc?
so the pressure fluctuations associated with the radiation are given by

2
p: = 4k, TPl gy
C

Radiation -~~~ (I-20).

(ka)’
1 + (ka)2

Il
i)
(9
b

éphen'caf Source: % {Z,ad }

J(2k
Circular Piston in Rigid Baffle: . {Zrad} = pc 4 l:l B J—(kﬁa)J
a

10

P2A
4kgTpc

41




2
( 0)
-S)SIEM v \ «

RESPONSE 2
IR 6 )

| =1=j =] =

@o @ /\Q

aoxell p
- (1-22) -
-VELOCITY TRANSDUCER .
2 @gq 2 @,
mQ = @ mQ
e = const.* (v -y )
out ‘ c m
For the simple accelerometer, (v, - v, )/v_is proportional to &’ below @, and is constant
with frequency above @, The noise velocity (referenced to the case) is proportional to w.
Therefore, the output noise voltage (1) is proportional to w below w, and to &’ above w,.
The equilibrium-thermal noise associated
(!) with the electrical resistance in the sense coil
X P MR . ) produces an output voltage noise (2) that is
5 ..... ;.;.,.r. .................... n,:; ............ indepcndem of frequcncy:
o Cout = \/ 4 kB r Rcoil
o
logf
The total noise is the square root of the sum of the squares of the individual components.
themed pre
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Notse Evaluation (1-23)

Ultra-Low Self-Noise Measurement

Measurement of molecular agitation of 32-gram proof

mass in geophone. (Approx. 1 nano-g per root Hz)

z
Q.
3
s
@
[O K |
=z
wt
2
—
<]
>

6.01

i "{ prebicTION

[4] 10 20 3 40 50

FREQUENCY

0
Hz)

il (1-24)
ptic Sensors _

Noise associated with:

* Damping in spring-mass system formed by
fiber and proof mass

optical .
fiber * Optical scattering from thermally induced
fluctuations in optical properties of fiber

* Optical scattering from impurities and
density inhomogeneities frozen in during fiber
manufacture

fibert ppe
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m Phase Fluctuations in Optical Fiber

L
® = 4k TAf nTL(dn nd

i \ar Ziif) In[¢()]
g(O) —_— (af/1.2aw)‘1

&fug) —> 1+ 4(5,/a,)'

L = fiberlength
A, = optcal wavelength

= index of refraction of fiber

= fiber radius

n
al
8, = optical mode-field radius
6‘

= thermal tration depth in fiber < Wanser, et al., Optical Fiber Sensors Conference,
the pene P Paper W3.4, Florence, Haly, May 1993,

x = thermal conductivity in fiber

= Wanser, Electronics Letters, 28(1), 53, 1992.
= Glean, IEEE J. Quantum Electronics 25(6), 1218, 1989.

Giber2 ppt

Iseful Theorem o " (1-26)

The signal-to-noise ratio at the output of a linear circuit
does not depend on the value of the output load.

out

n, — n, — =
Analysis of complicated circuits can often be simplified

by setting the output load to zero and calculating the ratio of
signal current to noise current.
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nd Feedback

(1-27)

The effective Q of a system can be changed by adding feedback. Positive )
feedback increases the Q; negative feedback decreases the Q.

Can the noise of a system be reduced by adding feedback?

o—1 A

(ese,),

+

7
(ese,), =

(is7,); >

(ese,),

(i/i,),
(ese,),

Not this way!
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(11-1)

ics Summer School - 1998

Shot Noise and
Non-Equilibrium
Noise

(11-2)

—

ol

Applied Research Laboratory - Pann State

« Measure the spectral density of
the voltage noise across a 10 K
resistor.

* Put 1 mA DC current through
the resistor.

= By what factor does the noise
voltage increase? (Ignore 1/f
noise.)

Kemitg2.ppt




Shot Noise o (1-3)

Given a current consisting of impulses: 1) )

1) = ¢38(-1)
i=1

Expand current as a Fourier series:

w©

1(t) = Y [a,cos(2rfi) + b, sin2rf,1)]

k=0

where a, =

T N
j[(z)cos(znﬂx)dz = %‘%Z cos(27£,1,)

~No

(The period, 7, is long enough to encompass many (N) events.)

One component of the expansion covers a band of 4¢ (= //T). The mean-square
value in that band is:

PP = a cos’(2r f, 1) + blsin’(2nfi 1) + a,b‘&;sin() = %(af+bf)

pt-INoise . (11-4)
1 2 [ . . - .-
5 (af +8) = —TLI {;[cos’_(brfk 1) + sin*(2xf, t,.)]} + .
2 ) 2 a7
27?1— {Z[cos(brjk 1) cos(2z 4+ SI(27 £, t,.)‘sin(erftti)]} = quzA
The second summation is zero only if the impulses are statistically independent.
If the events are not independent, then the cross-terms must be evaluated!
(For independent events, the mean-square value of b, is identical to that of a;.)
Since I = aN and Af = !
T T
3 _ —
i, = 2qlAf
Applies to processes consisting of events that are:
(1) impulse-like
(2) independent
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(11-5)

" Resistance bridge connected

to gate permits noise measure- Q) +9V
ment of input resistance with and
without current. Bridge rejects
noise introduced by the battery. 4.99K % 150K 470K
VWA
2N4338 0
Il LF411
+
™ M 27K
AAAAY.
5V - 100V
324 68K =—— O1p
™ 1M
1) Bypass power connections
2) Use copper ground plane
_ 3) Do not substitute parts

(11-6)
T 10
a
> .
3 1 SHOT NOISE
()] A (PREDICTED)
-8 !!I:!ﬂ“ !‘ JOHNSON
= NOISE
© 0.1 I
> B
;6 0.01 " +
0 1000 2000 3000 4000 5000 6000
Frequency (Hz)
A: Current flow (V, = 200 * k;T/q)
B: No current flow
e _meas prt
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Force

il

:Collisions FREE-MOLECULARFLOW  (II-7)

rate of change in momentum of a molecule

= Z {1mt1ally traveling to the right and hitting the}
disk from behind

(molecular flux) (momentum change per collision)

gA(vx—Sc) - 2m(v, - %)

nmviA — 2nmv A% + nyé“)ZA

PA - X

ech

R, = 2nmv, A

far.Collisions  FreemoLecuarriow (T8

— F"!z ) 4k T Rmech df »

e = e = 8nkaTvxdf/A
B, = nk,T
v o= 2V
P
pl o= 2[2m17]7f)df

Looks like a shot-noise expression!
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(11-9)

orms for Shot Noise
mean-square quantity average E)andwidlh:l
fluctuation in = 2 per flux —_—
flux density carrier density [area]

electric-charge flux density: jr = 2[q]J, A1 4

I} = 2[hf]I, Af I 4

photon flux density:

momentum flux density: p: 2[2mv] Py Af 1 4

Pressure-fluctuation noise power is
. proportional to STATIC PRESSURE

11-10) f

Equilibrium thermal fluctuations in-force (Nyquist):

F; = 4k T Ryppen AS

n

e.g., Stokes’ flow (disk, radius a): Rygew = 1671a

Pt = 4k,T16nal4

50.




(1-11)

The shot-noise form requires that collisions-be INDEPENDENT.
As long as the mean-free-path is smaller than the disk radius, the
molecular collisions are highly DEPENDENT.

Add some kinetic theory: Py = nk, T
n = nmv(mp)/3

D)/ P2 = 3n/8 (radius) / (mean-free-path)
A

Pr

mfp = radius

Y

Carriers (electrons) are highly correlated

Noise is independent of flow volume (current)

i = (4k;T/R)Af
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se:in'Semiconductors (11-13)

o T ST IV

. ’ CONDUCTION BAND

@@

R e

FERMI
LEVEL

Carriers (holes or electrons) are independent

Noise is dependent on flow volume (current)

P2 = 2q1,Af

n

weeions ppi
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Conduction
Band

Occupation
o
tn

Valence
Band

Energy (eV)

<,
i

- df = kv
14e®7




(f)lmd Fluctuation (df) : U

£ N Ny S
Semiconductor (E/ =-05eV; k,;T=0.025 V)
3E-09
g 2E-09 Conduction
2
Q.
3
]
O 1E-03
0E+00 : . .
] 0.05 0.1 0.15 0.2
Energy (eV)
TUE-E))
f ~ e kg T

G 4
5 gAV | 1+¢ %7
o= 25 e G/
I_e_lr,T
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1. F gnCtiQn-oprplie;I Voltage

v 2
For g4V << k,T 2 ziA—(—————)df = an, 7L
R \gaV/k,T R

AV
For qAV >> kT i ZqT(l)df = 2q1df

, Shot Noise
I e for q/3
1

Examplé from measuyémients in
search of fractional quantum . K

~ by
w< 7,0t
o~
Saminadayar, Glatli, fin. and Etiennc, <
Phys. Rev. Lett. 79, 2526 (1997) ~6,9t
o

134 mK =1 --. Johnson Noise
0 100 200 300 400 500 600
I (pA)

6,7

11-20)

Suppose the current is a random Iy
sequence of non-impulsive responses:

Ity = ih(tﬁt,)

This current can be produced from a
sequence of impulses: ht)

ié(t~t,-) — Ay —> ih(x—t,)

i=1 i=1 !

If the power spectral density of the sequence of impulses is 5,2(@), then the power
spectral density for the current is:

ii(@) = si(o)H(o)
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“haracteristic Process) . (11-21)

-~

For example, if the current is produced by random events and each event has an
_exponential decay (with time constant, t): '

I(n = ih(t—t,.) i H) = e u(r)

then the transfer function in the frequency domain, H(jw), gives the spectral shape
of the noise power:

. 1
IH(](O)]Z = 1 + a(;Z t(f

H{(w)

(11-22)

If there are many processes that can be triggered by the random impulses and
each process is exponential with its own unique time constant, then the spectral
distribution of the noise power can depart significantly from either white noise or a
1/f? power distribution. This may be the way 1/f noise distributions are produced.

H{(w)

iy, I, I 1, I 1n, @
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(11-23)

B zefand Inadequate Introduction

MANY physical processes produce fluctuations with a power spectrum
that goes as 1/f. . :

The noise power in excess of the equilibrium-thermal fluctuations is
associated with power input to the system that drives the system away
from equilibrium.

Observed 1/f noise can extend over many decades in frequency. 1f the
multiple-exponential-process model is correct, then there must a
correspondingly large spread in process time constants.

The integral over all frequency of a 1/f power distribution is infinite so
there must actually be a lower limit to the 1/f behavior. This means that
there are at least two free parameters: the total fluctuation power and the
lower frequency limit.
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— . (11-1)
coustics Summer School - 1998

S R

Sensor

Calibration

é’.'-',‘"_' .

(111-2)

e = Ai + By
Ci+ Dv

~
]

If B =C then the device is reciprocal:
5. - ()
v/ ilo i

Reciprocal transducers: Nonreciprocal transducers:
electrodynamic (moving-coil) piezoresistive

piezoelectric electron-tunneling
capacitive (small-signal)
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(111-3)

If B =-C then interchange the roles of the
variables on one side of the device.

——oO0+
e = Ai + Bf
Y v = Ci+Df
.—_O_..
A = (AD-CB)/D B = B/D _
C = .0 D = /D Therefore B = C
If B does not equal either C or -C, then the device is
nonreciprocal.

(in-4)§

If a device is reciprocal, then the ratio of the output potential to the
input flow is the same regardless of which port is taken to be the input.

For example:

RI
o, AN O
— -——
] % e, = (R,2+R)i, +R,i,
e; R, €
e = R + R

oO— O
e, e . .
-2 = 4 = R, (A transfer impedance in general.)
ll i, =0 12 i =0

27 1=

Reciprocity does NOT depend on the device being lossless.

Reciprocity does NOT mean that “](:,Z =

voltage ratios are identical.
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(I11-5)

Given a transducer (not
necessarily reciprocal):

What is its response?

.. e

Receiving response: a = (—
Vo

Transmitting response: B = (—;
4 v=0

It is often inconvenient and inaccurate to directly measure
forces and velocities.

- (I11-6)
Use thiree transducers: a source (S_),_A areceiver '(R), and a reciprocal
transducer (T). Altogether there are four unknowns: p ap B, and fq.

Connect the transducers through a known transfer impedance and
make the following measurements:

Ly >

O .
[SR] = e, /ig
fgy—— — '
o—I1 .T .f'{_____o er [ST] = en/ig
iy~
SR er; [TR] = eg;/ip

This gives three equations for the four unknowns, Reciprocity provides
the fourth equation and allows solving for all four responses.
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1
[SR] = — az B
Zg
: 1
[ST] = — a8
xfer
0_ s . foer || Z“fe’ rRET
Reciprocity gives the [SR]TR] 1, B,
relationship between o and By l [57] = 7% o,
iT
—
o— Yoot a1
O—. T — Zo »-—Ov iy ! Zn f 4 Zo
-
Lo~ T o 4 B
o[zl @ = B
VARIATIONS - (L)

a) Measure currents by measuring voltage across a resistor. Reésistance and
voltage ratios are easier to measure accurately than absolute voltages.

b) Set iy, = i, and adjust iy, so that ey, = eg,. This produces the same field
at the receiver location for each measurement and also permits the use of
source and receiver that are not linear.

c) Iftwo reciprocal transducers are available, measure the reciprocity
explicitly to check the transducers and apparatus.

d) If two “identical” reciprocal transducers are used, then only two
measurements are required.

€) In some circumstances, only one transducer is required: (1) excite a
lightly damped system and measure response during decay, (2) transmit a
pulse and measure a reflection.
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city Calibration EXAMPLES 9
Free-Field | r -l
a = |-
P iz o} > o}
foer = 22— = p22
U, dra’y
u - (1 + *_‘1__.) :p_L ,_._El_.__ ka << ]
l Jka) pc Jkapc Gor )
Since jkr
P _ € a = jeMr-aPS
- —jka foer = Je -~
P roe 2r
EXAMPLES (H1-10)
- . Microphone Pressure Tube
8
a = |[—
P i=0
— —— \"%
z_ = P _ 1k
xfer T - .
U, joV
—
Traveling-Wave Tube
;)
a = | =
p i=0
—— A
Z pZ _ pC
xfer Yy T T
U, A
—7/ /—__.
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iprocity Calibration EXAMPLES

(H-11)

_Rigid-Walled Resonator

Energy stored in tube, E:

’ L 2
E = PE+KE = lev2+l—p—2 Ads =
a2 2 pc

P AL
2pc?

Energy lost per cycle, AE = Energy supplied by driver per cycle:

AE = power _ v, _ DiAv - P U,
frequency £ f. £,
nc 27 E TnAp
fn = - ; QIY = = °
2L AE 2pcU,
Z — pO — 2 pC Qn
xfer - o - -
U, mnA
A ‘ 'Cdlibration . ExAMPLES (11-12)
. Linear Pem?ulumf w
u i=0
——ﬁ/ ,I
z, = b _ I
xfer - - J wm
—‘—_7/ ul /A
Torsional Pendulum
0 i=0
foer ég— = ]Q[ 1
_____7/ ! p SNCU——
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- (11-13)
ity Calibration EQUIPMENT

s

- - (I11-14)
libration Comparison calibration using reciprocity

Jorce = if,

acceleration = force/mass

e = acceleration* M

Since a; = fr,

where M is reference accelerometer response (V/m/s?)

p_eqpd ot
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ull ;C,falibration

- (H1-15)

(LASER
Ao

mirror

PHOTo. couplr ’-
DETECTOR ‘

NARROW-BAND -
FILTERAND -
DETECTOR

n/c

\

- H DRIVER

i

[——

S
3 [ —
FIBER i

\ull:Calibration

a-16) -

Component that reflects from moving mirror:
[1] = Acos(wyt+2k,d)
Component that reflects from cleaved end of fiber:

[2] = Becos(w,t)

Photodetector output (square-law detector):

PD = ([+]2))

PD — cos(2k,d)

Sinusoidal motion of mirror:

d = dy+d,sin(o,1)
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S 11-17)
Transfer Function SMALL SIGNAL (

£ T TR 7

ok :
cos(2k,d) A 2k,yd, sm(wﬂ)
"v TR} \/
A
: >
<
>
d; sin(w, 1) -
/i
urcesiena. . (18
sinf2kyd, sin(w,t)] “

L
ik

d; sin(w, t) l l
Lo 23,

4
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(111-19)

(T1-20)

For “large” signals then, the photodetector output ar
the drive frequency is:

’ g

’ | PD|, > sin(2kyd,)J,(2k,d,)
\

|

|

Adjust the drive level to null the output of the photodetector at
the drive frequency. These nulls correspond to the zeros, z,, of
the Bessel function, J,. Consequently, the displacement
amplitude, d,, is only a function of the laser wavelength, A,:

d = F Ao 2,
2k, 4

(where z; = 3.83171, 7.01559, 10.17347, 13.32369, ...
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(I1-21)

CAZ}:lng. v POST~ ’
L PROCESSING
ACIDC

OPTICAL :

MAGNETIC undesired

ambient response
noise X
desired
signal

com_us pyx
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Sensor

Electronics

Supplement

Often, but certainly not always, the noise floor of a sensor system is set by
the first stage of electronics connected to the transducer. In the design of high-
performance sensors, it is; 1mportant to understand the interaction betwecn the
sensor and the electromcs
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Preamplifiers

OBSERVATIONS:

" Noise at the output of a preamplifier depends on

(1) frequency
~ (2) "impedance of the sensor
(3) gain of the preamplifier

SIMPLIFIED MODEL:

Eliminate (3) by referring noise to preamplifier input
Simplify dependence on (2) by using equivalent voltage
and current sources

Applied Research Laboratory - Penn State

fom12 px

In order to understand this interaction, the characteristics of preamplifier
must be examined. Ifa measurement of output noise from a preamplifier is
made with various sensor elements connected to the input, the output noise is
found to depend strongly on three factors: frequency, the impedance of the
sensor connected to the input, and the gain of the amplifier. '

- In many cases, the output noise is directly proportional to amplifier gain
(suggesting that the dominant noise-producing mechanisms in the amplifier are
in the input stage) so, by referring the noise to the amplifier input, the effects
of amplifier gain can be eliminated.

Also (in most cases) the noise can be divided into two components: one that
is independent of the impedance of the attached sensor and one that depends ‘
linearly on the magnitude of that attached impedance. Consequently, the [
amplifier can be well represented by an equivalent voltage noise and an
equivalent current noise (the current noise being the component that produces
the noise proportional to the attached impedance).
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forn10.p0¢

If the noise of an amplifier is carefully measured with many different
resistors connected to the input (to simulate a wide range of sensor
impedance), the results appear as shown above. Below some value of

" resistance, the noise is constant. This value is selected for the value of the

" equivalent voltage noise component Above some higher value of resistance
the noise increases linearly with resistance and the equlvalent current noise
value is obtained from the slope of that line. '

b

The resistor produces noise of its own (from equilibrium thermal
fluctuations in the material -- Johnson noise) and for a good low-noise
amplifier (A2), that noise can be measured directly over some range of
resistance. A poor amplifier (A1), on the other hand, shows no such region.
The closest a poor amplifier comes to reaching the resistor’s Johnson noise is
for the value of resistance equal to the equivalent noise voltage, e ,, divided by
the equivalent noise current, i,. The region over which a good amplifier can
measure resistor Johnson noise extends symmetrically about the value e, /i .
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. Noiseless
--Amplifier

e,2 11 i.2

freq freq

Applied Research {aboratory - Penn State

fom 13 pex

To analyze the noise performance of a sensor-amplifier combination, the

- noisy amplifier can be replaced by a noiseless amplifier with a noise-voltage

- source and a noise current source attached to the input.’ (The noiseless
amplifier still has the same input and output impedances as the real amplifier,
though.) For most purposes, it is acceptable to treat these two sources as
completely uncorrelated even though there may be some correlation in"'reality.
In the case of complete correlation, the maximum error that can be introduced -
is a factor of the square root of two in amplitude. ‘

In general, there is some frequency dependence associated with these noise
sources. Both the voltage noise and the current noise can have a low-
frequency dependence of 1/f in power. In addition, the current noise often
increases with frequency above some frequency. Components and amplifiers
intended for low-noise applications will normally have voltage- and current-
noise spectra provided by the manufacturer.
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vAmiplifier Performance
1000
]
100 :
T
—
W . c‘
e .“f\
ea 10 ! et
(nanovolts
per root Hz) " a
1 | i
|
01 L
0.1 1 10
iy (femtoamps per root Hz)
Applied Research Laboratory - Penn State
selpm

By selecting e, and i, a two-dimensional space can be constructed on
which various sensor materials and elements can be compared to various types
of amplifiers. A number of off-the-shelf amplifiers and discrete transistors
suitable for sensor preamphﬁcatlon are shown on this dlagram (with the noise
evaluated at 1 kHz). '

- JFET devices are especially suited to low-noise ap'pl'ications in Whi'ch the
current-noise component must be minimized; BJT devices are particularly
suited when it is desireable to minimize the voltage-noise component. (The
line connecting three of the symbols illustrates the performance of a single
transistor under different conditions of collector current.) MOS devices are
useful at ultrasonic frequencies and beyond but are plagued with high 1/f-noise
powers that can dominate performance at low frequency. In addition, several
micropower (ppwr) devices are included since overall power consumption is
often a critical specification in a sensor system.

It is readily apparent that it is difficult to achieve much better than 1
nanovolt per root hertz or 0.5 femtoamp per root hertz regardless of device
type. Of particular note is the fact that the space is not covered uniformly by
devices. In general, cost and power consumption increase in the direction of
decreasing voltage noise.
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Preamplifiers
’ 5 Ca N . — .
s o o
PoM L= —\-/i e+ Noiseless’
o _ A L | Ampiifier
A
ia?|Zsf?
e.?
4ksT Re(Zg)
e’
\ \ e
fo
Applied Research Laboratory - Penn State fom14ppt

When connected to a sensor, the internally generated noise can be described
by three components: (1) the amplifier voltage noise, (2) the amplifier noise
current, flowing through the sensor producing a noise voltage equal to that ‘

noise current times the magnitude of the sensor impedance, and (3) a thermal- -

equilibrium (Johnson) noise component associated with the real part of the
sensor impedance. The plot shown above is representative of a piezoceramic
- sensor for which the sensor impedance is primarily capacitive and for which
the real part of that impedance is dominated by dielectric loss. Not shown in
this diagram are external resistors for bias and gain as would be used with an
op amp. These resistors produce Johnson noise and also interact with the
amplifier noise-current source but the accounting is straightforward. Each
noise source is considered in isolation and the results are root-mean-square
summed.

For any sensor, it is crucial to distinguish between the magnitude of the
impedance and the real part of that impedance since the magnitude determines
the effects of amplifier current noise (and so is a function of amplifier

selection) while the real part produces a noise component unrelated to the
amplifier.
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t Pressure Noise

2
pT = pamb +

component 2

The irreducible component is equilibrium-thermal noise internal to
the sensor and depends on the resistive (real) part of the
sensor impedance, Z; .

M is the sensor response: volts per pascal in this example.

The amplifier contributes two terms, one of which depends on the
sensor impedance.

Applied Research Laboratory - Penn State

form24 ppt

A useful form in which to examine the various noise components is in terms
of noise-equivalent pressure. . If the voltage response (volts per pascal, for ‘
example) of a pressure sensor is M, then voltage-noise terms can be referred to
equivalent pressure by dividing by M. To properly express the incoherent
addition of noise terms, the expression above is written in mean-square
pressures and voltages. There is'an ambient noise term (p,,,;), a term
connected with the internal loss in the sensor (hence, ¢ 1rreduc1ble”) and two
terms associated with the amplifier.

If the noise floor is dominated by the amplifier contribution, there are two
terms to consider. In a particular situation, one of those terms may be
considerably larger than the other. However, if it is not known which (if
either) term dominates, then a compromise term can be introduced as the
geometric mean of the two amplifier terms. Clearly, this is not a good strategy
if one of the terms is much larger than the other. In the special case in which
the two amplifier terms are of the same order, the geometric-mean term is
useful.
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i n-Preamplifiers Designing to a specification for noise floor .
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Applied Research Laboratory - Penn State wetone

In designing a high-perfgfnmnce sensor, the desired noise floor, often
determined by the ambient background, should be identified. When this is

. coupled with the design bandwidth of the sensor , the noise components can be - :

-~ individually assessed against this noise-floor specification. Ignoring for the
time being the term resulting from dielectric loss (term 2), the design for a

' piezoceramic hydrophone with a self noise below quiet o€ean ambient in the
band 10 to 1000 Hz might appear as shown above. At the lower band edge, the
desired background sets an upper limit on the allowable amplifier current
noise, while at the upper band edge, the background sets an upper limit on the
allowable amplifier voltage noise. The respective amplifier components can,
of course, be lower than these limits. This limiting configuration can be
specified in terms of the intersection between components 3 and 4 given by p,
and f,,.
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e in Preamplifiers Designing to a specification for noise floor
. .. : 1
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Applied Research Laboratory - Penn State s pre

If a capacitive sensor were being designed for an ultrasonic band (100 kHz
to 10 MHz), then the maximum permissible levels of voltage and current noise
change as shown above. The:principle is still the same. Identify the desired
noise floor specification. Ovérlay the voltage and currént components of
amplifier noise adjusting e, and i, until the hypothetical amplifier is just
adequate. A real, acceptable amplifier would then be one for which the voltage
and current noise components would be equal to or less than these values.
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eamplifiers Designing to a specification for noise fioor
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For a sensor having an impedance that is primarily resistive (a geophone or
a piezoresistive pressure sensor, for example), the amplifier terms (to a first
approximation) are constant with frequency. The same analysis applies: both
amplifier terms must be at or below the desired noise floor over the design

bandwidth.
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iplifier Performance Measures

Noise Noise Power
“resistance” Coefficient
_ & _ Caly
R = i, “a 4k, T
JFET 1M - 100M 0.0001 - 0.001
BJT 1K - 1M 0.01-0.1

Applied Research Laboratory - Penn State

There are two useful measures of ampliﬁer noise performance. A
commonly used parameter is the noise “resistance” given by the ratio of noise-
voltage spectral density to noise-current spectral density. This is often cited as
‘the value to'which the resistive part of the sensor impedance should be
‘matched for optimum noise performance. As discussed below, there is some
. truth to this statement but the merit of an amplifier is not determined by how
close its noise resistance is to the source resistance.

Another important (but little used) measure is the noise power coefficient
defined as the ratio of the product of the voltage- and current-noise densities to
the thermal-noise power, 4kzT. This is a better measure of the performance of
an amplifier than either the noise voltage or noise current alone. The smaller
this ratio, the better the amplifier is. However, the noise power coefficient is
not sufficient to determine the overall performance for a particular sensor.
Both of the above measures are necessary. (The analysis of an
amplifier/sensor combination can be performed perfectly well using both the
current- and voltage-noise spectral densities without reference to these other
measures but there are some conceptual advantages to the measures given
above.)
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For purely resistive sensor, amplifier noise does not mask sensor noise if:

R -1
< —

a, < 1 and a, < =
RA aA

For general sensor impedance, amplifier noise does not mask sensor noise if:

a; < 1 and a; < IZ_S, < _1:
RA a/{
1] _ eA IA IZS’
where a, 4 kB T Re[ZS]

Applied Research Laboratory - Penn State inedi ot

In general, the noise floor should be controlled by elements close to the
system input. For many designs, proper selection of the amplifier can result in

- - the amplifier’s noise floor being below the floor set by theisensor itself. The

first condition above applies to the case of a purely resistive sensor. The
- smaller a is, the larger the range of source resistance is that can be
accomodated withotit masking by a particular amplifier.

If the sensor impedance is not purely resistive, then the second condition
above specifies the ranges of parameters for which the amplifier will not mask
the sensor noise. This case is more complicated because the impedance is, in
general, a function of frequency so the conditions may be satisfied over some
regions of the spectrum and not satisfied over other regions. In a numbér of
important cases, the ratio of the resistive part of the impedance to the
magnitude of the impedance (the “loss tangent”) is approximately constant
over a range of frequency, which simplifies the determination somewhat.

In either case, if a (or &) is less than one, there is a region over which the
sensor noise (the component from the real part of the impedance) MAY set the
noise floor.
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{Preamplifier/Sensor Interaction THE IRREDUCIBLE TERM

Real part of the sensor impedance;:

o 2
1. Purely resistive sensor: = ]
- Re[Z]
Z 1
2. Primarily reactive sensor (e.g. capacitive) st =
e[ Z;] )

3. Typical sensor:

« electrical loss (loss tangent, §)
« electrical loss (resistance, R))

» mechanical loss (Q,,)

« radiation resistance (R,,,)

Applied Research Laboratory - Penn State

gy R GRIES Ln R

sallppt

The ratio of impedance magnitude to real part is one for a purely resistive
sensor and is equal to the reciprocal of the loss tangent for a reactive sensor.
Since the electrical impedance of the sensor includes the electrical equlvalent

of the sensor’s mechanical elemerits (by means of the transduction

mechanism), the losses and, therefore, the n01se ‘may be caused by elther

electrical losses or mechanical losses.
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A number of various types of amplifiers (either op-amps or discrete
transistors) are plotted above on the coordinates of noise power coefficient and
nois¢ resistance. This’chart is useful for selecting an amplifier type once the .

sensor impedance, the operatmg bandwidth, and the desued noise floor are
known.

82




Geophone array for microseismic measurements

10000

Desired
Bandwidth gM

1000 - Ao

100 - 100} 70 Aelebrieinieivielviet Brloieboiy

e, .
equv FREQUENCY
[nV prH)
One Hundred Geophones
in Sernies

FREQUENCY

Applied Research Laboratory - Penn State sesléppt

This is an illustration of the design of a geophone array for sensing
microseismic disturbances. The frequency range of interest is 0.2 to 2 Hz The
curve labelled gM is the specification for self noise for this sensor. (This curve
is produced by multiplying the noise-floor in seismic acceleration by the
transfer function of the geophone or geophone array. This produces an
equivalent voltage-noise noise floor.) For a single geophone, both the
amplifier voltage noise and the irreducible noise associated with the electrical
resistance of the geophone coil are well above the desired noise floor. By
connecting 100 geophones in series, however, the desired noise floor is
achieved. This may not be an elegant solution but the result is cheaper and
more rugged than the closest commercial alternative.
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Amplifier Noise Specifications

rent Noise Val

Equivalent Voltage and Cur

ues for Common Amplifiers

S osE Va JHTIE
- T eA T iAT T eAliA _eAiA/4kT
] nVprH | fAprH T ~_ohms L
BJT | LT1007 | 25 400 ] 620 | 00625 |
LT1012 22 70 314286 | 00963 |
LT1024 14 20 700000 | 0.0175
LT1028 0.85 1000 o 850 | 0.0531 O
OP05 10 140 | 71429 | 0.0875 o
oP27 3 1000 | 8000 | TTods7s
OPA77 75 220 34091 | 01031 | ©
CLC425 1.05 1600 ) 656 0.1050 )
(1mA)| MATO02 0.85 750 1133 0.0398 -
(1uA)| MATO2 20 25 800000 - 0.0313
(1mA)| LM394 1 500 2000 | 0.0313 i
(1uA)| LM394 20 25 800000 | 0.0313 h
JFET | LT1022 14 1.8 7777778 0.0016
LT1055 15 2 7500000 0.0019 N
LF353 16 10 1600000 | 0.0100 o
LF411 25 10 2500000 | 0.0156 - :
"AD743 3.2 6.9 - 463768 0.0014
AD744 18 10 1800000 | | 0.0113 o
[ 1 AD549 35 0.2 -175000000] 0.0004 ]
OPA111 8 0.6 13333333 | 0.0003
- U401 2 0.5 4000000 - 0.0001
2N4338 | - 6 0.8 7500000 0.0003
2N6485 | 7 1 7000000 0.0004
_uPwr | LM4250 | 50 80 625000 0.2500
OP20 60 80 N 750000 0.3000
OP21 20 200 100000 | 0.2500
OP22 90 180 500000 1.0125
OP90 60 700 85714 2.6250
OP191 35 800 43750 1.7500
OP193 65 50 1300000 0.2031
OP196 26 190 136842 0.3088
OPA1013 25 120 208333 0.1875
MOS | CA3440 110 1.8 61111111 0.0124
CA3140 40 18 22222222 0.0045
CA3160 72 0.8 90000000 0.0036
(chopper)| LTC1052 30 0.6 50000000 0.0011
Notes

1. eA and iA are the equivalent voltage and current noise components respectively.

]anrh is nanovolts per root hertz; fAprh is femtoamps per root hertz

2. All values are taken at 1 kHz from manufacturer's data sheets.
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Amplifier Noise Specifications

4. uPwr stands for micropower (very low power consumptnon) T _T

~ 5. MOS devices have large 1/f-noise components in the voltage noise. The 1 kHz values
L . |cited are still on the 1/f portion of the curve. The 11f pOl’thﬂ of the voltage noise

curves for the other devices are below (and, in some cases, well below) 1 kHz.

_ 6. The LTC1052 (MOS) device is a chopper-stabilized amplifier (roughly speaking,

the input is chopped at a high frequency, then amplified, then detected

synchronously with the chopping frequency). It is representative of the

best low-frequency performance obtainable with a MOS device. Essentially,

there is no 1/f region in the voltage noise. | ] |

7. All of these devices require biasing and/or feedback resistors. The effects of these

resistors must be considered when determining the overall amplifier noise.

In most cases, low-current-noise amplifiers can be designed for minimal

effect from biasing/feedback resistors; for very- iow—voltage -noise amplifiers,

the noise from those resistors can limit the achievable noise performance.

_18. The two BJT discrete devices are shown for two‘operatmg points each. One of the
advantages of using discrete devices is that the noise performance can be

1 tuned by means of the collector (or drain) current. Throughout this adjustment

o range, the eAiA product is roughly constant. _i [ |

Very low voltage noise is generally obtained by masssvely parallel emitter regions in

BJT devices. This has two important consequences: (1) the input capacitance

is large, and (2) the devices are relatively large. The second point is not

important unless the amplifier must be integrated onto a chip with limited

[real estate: for example, a single MAT02 occupies 2x2 mm. ]

'110. The "noise impedance"eAfiA is given for each device but should not be misinterpreted.

This number is often cited as the resistance to which the source resistance )

must be matched for best noise performance. It is not, however, good practice -

to select an amplifier on the basis of the eA/iA-to-source-resistance match.

{If the source (transducer, for example) is primarily resistive, then the amplifier's

noise contribution is negligible compared to the Johnson noise of the source

over a range of resistance centered on the eA/iA value. The width of the region

to either side of eA/iA is given (roughly) by the eAIA/4KT value. If eAIA/AKT

is 0.01 and eAliA is 100 000 ohms, then the amplifier's contribution is less than

the source's Johnson noise for source resistances of 1000 ohms to 10 megohms.

It is never appropriate to "match” amplifier noise resistance to the magnitude

of a source's impedance if that impedance is primarily reactive. |

11. The quantity eAIA/4KT is the product of noise voltage and noise current normalized

by 4 times Boltzmann's constant times absolute temperature. The product

4KT is approximately 16 x 10721 in Sl units at room temperature. [

12. Current noise is exponentially dependent on operating temperature in JFET devices.

The values given are generally at 25 or 30 deg. C. Significant degradation

in current-noise performance can be expected with operation at elevated

temperatures. I | ] |
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Stack ~— Hot
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Demo Refrig: Uninsulated; 90 psia; 1.9 Amp; 665 Hz
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Temperature Span (° C)
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Demo Refrig.: 90 psia He; po/pm = 5%; 665 Hz; 9/7/94
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TITLE: Hofler Tube
DWG. No: HFLRTUBE
DATE: 1-25-85
SCALE: 1 =1
MATERIAL: N/A

— STACK

4.225"+0.025" -j [ 6.500"+/- 0.025"

G rrrrrrsatriritiirsirrssrrsrissssss.

’IIII/IlIIIIIIIIIIIIIIIIII/IIIIIIIIIIIIIIIIIIIIIIIIIIIIII

HOT HEAT-EXCHANGER COLD HEAT-EXCHANGER
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I—COPPER TUBE

HARD SOLDER JOINT ’ NOMINAL » 1.500° 1.D.
0.550"20.005" 1716 WALL
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_ The Plan

Motivation

New, simple, environmentally friendly
Good acoustics and engineering problem

Superfluids, superconductors, cavitation

lF'undamentals

Adiabatic and isothermal propagation
Thermal and viscous diffusion
Relation between temperature and pressure

Standing Waves

The Lagrangian model

Critical temperature gradient

Crude calculation of heat transport
Thermoviscous surface dissipation

Ifeat Engine Calculations

Thermoacoustic instability - prime movers
Limitation imposed by the 2 Law
Thermoacoustic refrigeration

Thermoacoustic Systems and Components

Electrodynamic loudspeakers
Anharmonic resonators
Heat exchangers

Slide 3

Sound Speed in an Ideal Gas

* Isothermal sound speed

Ideal gas law
p="RT_ RT
VM M
Phase speed
o (p 2 hxﬂ v
ﬁ.ﬁ}:.ea. === . = N~< =] ——
_» op); . M
Newtonian sound speed
s RT
o v =TT
M

Principia, 2® ed. (1713), ay = 979 fi/sec
Experimental value =~ 1,130 fi/sec

e Adiabatic sound speed

Define specific volume (per unit mass), p=V!

Side 4

()

(2)

3

(4)

(5)

. pp~’ =const.
Take natural log and differentiate ;&\x =In(x)+C)
Pm Pn P)s * Pm
From the Ideal Gas Law, p,/p,, = RT/M
2 RT
a"=y——=yay

M

(6)
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Nk

Diffusion Equations

e Navier-Stokes Equation
Diffusion of viscous shear stress (vorticity)

mlum H e th_\ﬂumlm\h

top p

v = Kinematic viscosity {m*/scc|

* Iick’s Second Law of Diffusion
Mass diffusion (random walk)
C
¢ )
—=DV'C
ct
C = Concentration {moles/m’|
[> = Mass diffusion constant [m*/scc|

» Maxwell’s Equation in a Good Conductor

I:lectromagnetic energy diffusion

E_Llvg

ct ou
o = Electrical conductivity |Siemens/m|
1t = Magnetic permeability [N/Amp-]

(opy' =722 [m/sec]

(15)

(16}

Sude R

Evanescent Wave

» Wavelike solutions to the diffusion equations
We could choose any of the diffusion equations

Solve Fourier Heat Equation, since it is scalar.

Assume a plate with an oscillating temperature
Solid Fluid

Tonalt) = T, +T e Thuia(y,t) = T,+T e
+y
o = "Driving” frequency [rad/sec]
k = Complex wave number
‘Substitute into the Fourier Equation
jo T, =-x kT, (17)
Solve for jk
\k HMEW_H ) Q..mn K2 N‘Q.u_u H EHEW_L
7 J’ N . (18)

Wavenumber has equal real and imagindry parts

e Thermal Penetration Depth
Define a real length 8, = Re [k']

S .,, [2x 2K
O =,|— = [—
! @ pc, o (19)

7 Substitute into wavelike assumption
T T(wt)=Te %, TOMC\\FT\.mm:Ak\ma :m\,.z (20)

98



nSCV waTl= ) “wnijap ut uodry Joy

aw uoIsnyJI(] = 1

(s2) @ \,
2 M= — =,
| acd az J

Yi3udj uoisnyjip SSE\ o

ZHW | @ wrl 99 pue zHY | @ ww 7'Z = @ 13ddod uj
ZHIN | @ W 7 pue ZH 09 @ W (f = Q JA)eMm 8IS U|

(v7) now

[4
idop upys onaudewonddy| e

”hw

..d23p unu s13gem s, Suikes oy jo uoneayynuenb oy |

ZH 0py @ wrl 00 10 ,,()/wd j7°0 = "Q ‘ne uy

(€0) od ® y
———f X e—— = %u
u N\ A N\
uonenba

$9401S-431ABN 3y} Yynm wisiydiowosi 110jdx
"9 ‘1afe) K1EpUnoq snossip e

SIoAeT ATepunog snoSo[euy

01 opuy

@

sddey-v3yap/4 :

Tawe

::.N o 2-1 K”Anﬁxﬁvg
.\ XA.I:-

ajejd [eulayjosi ue Jaa0 “dway piny SunejjlosQ e

vdaey-eiTap/4

.,.A_.mv a., N_ — ~.\ﬁ |
1of X:iv- rN A V.N

aimeladwa) June[j1oso Yim ajejd e 1940 pIng.| e

ToAeT ATepunog [BU_Y L

oAy

99




wide 11

¢ Thermal diffusion
What is the “speed of heat™?

We could have solved for the thermal phase speed.
Again, from the Fourier Eq'n: jo = -y k? (n

THERMAL _ (@ _ j K
Cphase - = =
z »_ NI ,\ pc, (26

Same result is obtained if we set §, = & = A/2x = k!
Sound speed is non-dispersive (frequency independent).

The thermal “wave” is dispersive, cTVE™AL ¢ Vg
Critical frequency, W, When cp,,, = cTHERMAL
P nga Qﬁ Yy [ ht

@ rit = =
¢ K X 27)
Inair, fy = 0,/27 » 860 MHz = A/21 = & ~ 0.065 pm.
Adiabatic at f < f, (heat moves too slow)
Isothermal at f> £, (AT = T(t) - T, can't develop)
* Mean-free-path :
Phenomenology assumes the continuum hypothesis

Many collisions are required in any “fluid volume" << &’

(€)= \,\M\RN " (28)

Ballistic propagation for & < </>
In air, <> % 0.10 pm - ITS NEVER ISOTHERMAL!

Nlide 12

igbatic T o

* :\diabatic compression
Cannot have adiabatic and isothermal compression
SB2y>1
Adiabatic Equation of State
pV? =const. (4)
Use the ideal gas law, PV=RT, to substitute for (pV)
pV?" =(pVY p"" =(RTY p'" =const.  (29)

Explicit temperature dependence

p'™ T” = some other const. (30)
Take the natural log and differentiate .
[a)
(-pP-_y L 3hH S,
Pn Iy

Adiabtic temperature change, T,
= r-Np T, = .8
Y Pm biﬁh
e Typical values
Normal speech in air (74 dBgp = 0.1 Pa,,,,)
p. = 101,325 Pa, y = 1.4027, T = 293 °K (20 °C)
T, =83 pK,.,

Thermoacoustic refrigerator (SETAC = 65 kPa,,,)

Po = 2.1 MPa,y = 5/3, T = 293 °K (20 °C)
T, = 3.6 °Kpmy = 18.5 °F,,

b (32) | .
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Slide 15 Slide 16

Heat Transfer

* A very crude heat transport model with VT, =0

Zold Excnanger

’., / A l"tl
\ Heat \\ | \_ / k
A\ s ' 4
. v === i / __ \ .wx
’ \ F—— v _ ] / “
B | i “ *\m -
i Driver Stack | “3as Fiiled Tube i A /
_ . ; 4
. H” ﬂ J [ .
~ ; {7/
. _ K
- W2 > , / Aty
] / s
Raxy x KXy

‘The gas between x and x-x, picks up heat, Q_4

Qﬁ::\ = QE.VN.H biﬁ.ﬁﬁ%%%%%ﬂi - W._.u (4D

The gas between x and x+x, deposits Q,,,

: Ix I ,
O =CaT= a3 25 14 D) o

Resulting in a net heat transfer, Q,,,

I1é
Q:S = Q}& = Yeold = \us«.hﬁ 4 “ w.«_ N_. (43)

Using x,=u/owand T, = (TwB/Pmc,) Pis
Q:& = NASA —.H%R uﬁ_ B‘ A&&v
4 w
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Thermal Surface “Losses”

* Conduction “losses™ will depend on phasing
Calculate the rate of p dV work per unit volume

Lo PdV _ pdp
=2 __PAP
Vo dt pdt
Expand the density total time derivative
dp = w.m:\%lb = jwpy +u P
d &t dx ax

When multiplied by p = p,, + p,, only one term
survives the time averaging process

W= - \Mc A.\Pb_vtlle‘%}_i 7]

Integrate density away from the plate surface
For an ideal gas
ne, C\ -1
4 Y p.,
¢ Thermal dissipation
For VT, =0=T=0, W, <0, as in Kirchhoff

I w.\zx.:: _
hi

——p (T -1

* Acoustic engine (Sondhauss Tube, 1850)
_qo__, VT, > VT, =>T>1, W,>0!
Compressed parcels get larger
Expanded parcels get smaller
Stack does work on the gas

Nide 19

(54)

(56)

(57)

Side 20

Review of Fundamentals

* Sound in “bulk” is adiabatic (\/2r >> o,)
Pressure wave have associated temperature effects
T = (y - : 3 _ LB
1=
Y .us bs p
Standing wave exhibits critical temperature gradient

VT, =2x(y - _vmﬁoo;a (40)

)2 (32)

Heat transport characterized by a diffusion length

_2x _ | 2«
Vo pc,w (19)

. Short Stack Approximation (Ax << A/2m)

[Energy is'transported in standing waves near surfaces

E,UIAJQV - Bpu, (T - VIJA.<e~A+NK.an.|W (48)

4
Where I' = VT /VT,,
For I < 1, the sound wave opposes thermal conduction
Energy is m_mo absorbed and produced near surfaces
W, = no, EE =1
4 Y Pm
For I" > 1, and instability is possible

Iné
p(C-0)-—E&cwp,ul  (58)

e Thermoacoustics is superficial science
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SMide 2) Slide 24

Prime Mover Performance - ~ Solar Dri | ker

* Stack temperature difference

* Engine cross-section

'

: P ¥ * v Benthos I'yrax Semispher o
WD P ’
_ * 777 T eas 1 / Hidkdlle Heat Fxchanger
ot “Lotd Hirat Exchanger™ TN
! . ),
ant N
uom g 1ot tien _m,d:m:: - /ril\
o T - Pm=atm
150 * : o
.
00— TR
=0 -
) 30 ton 150 200 250 300 .
¢ Energy flow diagram
. . 3 .
¢ Acoustic amplitude (P,%) H \
NN/
7 ~
] 7N\ Q
2. L0 . ice
. . Om.;._m:1 60W
15w
= 1 | 1
pd G ca——
1.5-107 \ Hot Heat Exchanger " Cold Heat Exchanger
ac
: w
o pd R "Prime \ *
\\ Mover
o0t Osolar - .
pis e i
100 150 200 250 300 L .o wow a HOW
Mid-Heat Exchanger

Tm= 300X
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Nhde 27

Therme iIc Refrigerator

¢ Irankenfridge
"I believe I can make a ‘fridge from parts of others.”

. Aluminum Driver Housing

- Driver Magnet Slructure

R «
7

RO

Y A

200, %1 W

Bellows

Exhaust Heat Exchanger

e Sl3CK

STAR Resonalor

Load Heat Exchanger

Kapton Heater (Heat Load)

s Trumpet

e High Comphance Termingtion
- \\\\

SMide 28

DELTAE Model

o Design Environment for Low-Amplitude

ThermoAcoustic Engines (DELTAE)
G. Swift and W. Ward, Los Alamos Nat'l. Lab
<http://rott.esa.lanl.gov>
Solve the detailed equations in each segment
Match T and complex p and u between each segment
Solution vector of guesses and targets
Lots of useful elements

. Transducers, different stack types

(ias and solid thermophysical properties

Free Targets

. Designed by USERS for design and analysis
Excellent documentation!

e Modular

_ . Frankenfridge

0
I
2-5
6
7
8
9-11
12

13

BEGIN - Globals: gas, pressure, frzquency
ENDCAP - driver losses, volume velocity source
ISODUCT - bellows, flange, and tube

"HXFRST - hot heat exchanger

STAKSLAB - roll-up stack
cold heat exchanger
INSCONE, INSDUCT -
COMPLIANEC - buib
HARDEND - final boundary condition

HXLAST

reducer, neck, and cone
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Mide 31 ) ' Slide 32

Stack Position a Stack Performance

e The tradé-off: Efficiency vs. Power Density ¢ Coefficient-of-Performance

Smaller kx: larger VT, T 3
DR TR r . T T ' ' W
VA 4 PY
& 035} 4 - ! m
- | B @

03} ; 3 1
c
W 8
_ g
25— e L il 1 t =
705 0.1 0.15 0.2 025 03 - 0.35 3
Stack Lacation, kx ©

0 T Py T vy

Shorter stack, higher COPR

Smaller kx: lower power density
. e Coefficient-of-Performance relative to Carnot

Temperature Span ('K)

x 10
& — 0.4
E \
W_.m . N n\h:
8 g l
w 1 4 5] Pu
Q. -
o g
2% S . g2
8 e
o 1 Il 1 1 I W-
0.05 0.1 0.15 0.2 0.25 0.3 0.35 3
Stack Location, kx ] 0.1
a.
Q
. . (&)
Requires larger stack diameter 00
"o 20 40 60

Temperature Span ('K)
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Slide 35

Anharmonic Resonator Shape

* llarmonic suppression

Modes of a uniform cross-secton closed-closed tube _
a
=nfi=n—:; n=123,... (7
2 /i 2L
The modal structure reinforces shock formation

* Simple incompressible inclusion

:
i

W
Q , L O L
At x= 0 or L, the effective length decreases

The mﬂnacnsow of the perturbed mode increases, fi*>f,
At x = L/2, the effective length increases

The mdnco:@ of the perturbed mode decreases, f,* < f,

The second perturbed mode frequency increases, f,* > f,
Shock formation is suppressed
Macrosonix Corp takes this to the limit by “shaping™!

e SETAC quasi-Helmholtz shape
Shorter length for the same frequency
More space for stacks
Hofler showed thermoviscous dissipation is reduced

Non-linear effects may bite back at high amplitudes

Slide 36
Piston Area

* Simple driver electro-mechanical model

2 Feiwt
oIvJ\/\({Awnv oy

K e o)
. oo M [— Ve

"z

R..

e Assume driver is located at pressure anti-node, P,
Driver delivers power, W,, to the resonator

:\ = L=t = = 72
o 2 2 2 2 72)
. Joule heating due to voice coil resistance, R,
.2 2 .

..Hx —_—=
dc &nN N wN

Increases like since force (current) increases with area

Dissipation due to mechanical resistance, R,
2

I

2 ; _
. v W 1
Wo=R,—=2R,| 2| — 74
m m 2 %S Nu; \nw A v
Decreases like A7 since velocity depends on area
Optimum piston area when losses are equal
A”ﬂ 1/4 Aw.w\u wNv_\n
A = (75)
\N&n ﬁk
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Niude Wy

TRITON Resonator . | TRITON with Exposed_Internals
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NONLINEAR ACOUSTICS

Mark F, Hamilton
Department of Mechanical Engineering
University of Texas

_ET:
WHAT IS NONLINEAR ACOUSTICS?
Sources of nonlinearity in fluids:
1) Equation of state

2) Convection

Effects on plane waves:
* Propagation speed varies along waveform

Consequences:

e add
"+ Wavedistortion @@= 0| /N ) p—
* New frequencies i, o
- Radiation pressures |/« . “
* Acoustical streaming < °
'+ Shock waves Dy -

N, FAREANEN
< AVERAVEANE

(e} SOURCE (6) DISTORTION (e} sHOCX 0] Ex_—g
WAVEFORM BECOMING FORMATION
XN NOTICEABLE e ¥ gr:Sm

(s} FULL SAWTOOTH {f) DECAYING (g) SHOCX BEGINNING (k) OLD AGE
E.»vN red SAWTOOTH TO DISPERSE 0 e
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ALTERNATIVE FORMS OF B/A, /A

Sasic de&nitons:

> 3
mﬂﬁo u@%um_\ﬂu ﬂmoN ) @H%cwﬁ.w%\vm:? ) C= WMNW’%&??

Altecnadve \.mms.mﬂv?,n foems:

S
7 =20 B

< wmw

2 s %ﬁv
A~z ﬂ:v T2 C

oP%/s/fe
+ easlec & measure 1\6: e mocsm mcmmL
as functon of qummcqm
- sound Waves can be Em.& W an_nm &,\«rm
isentrapic pregsure <o:9»¢somxmf,m,%%%ﬂ&@
:.N.Tmﬂgo%mswg_,h method”:

38 D\ 2l 1,6 mvhv
|~m«|“ NWNOAWV Hm. + ﬁv oT, vlno

- most accucate method of meaca reme nt

[ Coppens et al., TA<A 38 , 797 (1965 ]

,_exlu_

TABLE 1

Values of B/A.
Except Where Indicated, All Values are at Atmospheric Pressure

Substance I, °c B/A Substance I..’c B/A
distilled water 0 4,2 methyl acetate 30 9.7
o . 20 5.01 cyclohexane 30 10.1
40 5.4 nitrobenzene 30 9.9
60 5.7 mercury 30 7.8
80 6.1 sodium 110 2,7
100 6.1 potassium 100 2.9
. Pressure i . tin 240 4.4
- atwm 2 30 5.2 indium 160 4.6
.. 200 kg/cm 30 6.2 bisauth 318 7.1
4000 30 T 6.2
8000 . 30 5.9 monatomic gas 20 0.67
: diatomic gas ANo o.mow
sea water
(3.52) 20 5.25 methyl iodide 30 8.2
methanol 20 9.6 sulfur 121 9.5
‘thanol 0 10.4 glycerol (4X zuov 30 9.0
. 20 10.5 1,2 - dichloro* 30 11.8
40 10.6 hexafluoro-
n-propanol 20 10,7 cyclopentene
N-butanol - . 20 10.7 (DHCP)
acetone 20 9.2
beneze - 20 9.0
chlorobenzene 30 9.3
liquid nitrogén b.p. 6.6
benzyl alecohol 30 10.2
diethylamine 30 10.3
ethylene glycol 30 9.7
ethyl formate 30 9.8
heptane 30 10.0
hexane 30 9.9

| .m..ﬁ....mn.umj_beﬁ.: near fAccusdice (1974)
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Fenlate, M.S thesis, UT (194)

Combined
L waveform

waveform

~
Combined / \

|
- ) —
i

P }’\/\/\/\/\MMA,WV\NV\NV\ Small-signal
waveform ? all-signal
( ded 8X VV\MNVV\NV\MMMN\NV\NWV 5
(a) No propagation distortion (x = 0.1 m) expan ) . waveform

(8) No propagation distortion (x « 0.1 m) _(€*Panded 8X)
P 3
Combined Combined
\[\ /\} waveform waveform
\\\j | .
D Modulated
waveform

(expandcd 2X) 4 Modutated
(b} After propagation distortion (x = 8.5 m) waveform
(expanded 8X)

(b} After propagation distortion {x=2.7m)

Figure 4.3
Demonstration of the noncollinear
modutation of sound by sound
Figure 8.1
Demonstration of the collinear
modulation of sound by sound
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[TR=-12] [TR-13]

BIFREQUEN(Y SOURCES

A.e_w W2)

PROCESSES IN A PARAMETRIC .wmbzmi:.jzm ARRAY

e_ _EN

I3a. SOURCE WAVEFORM

u(x})

u

1 _ _ 111
w_, w, w, Nrw€+ NE.

13b. WAVEFORM AT THE ONSET OF
SHOCK FORMATION
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[TR-16] _ [TR-17 Unavailable At Time of Printing] [TR-18]

SELF-DEMODULATION (BERKTAY—1965)
Given the source pressure
P = E(t) sinwyt
where

E(t) = slowly varying modulation envelope

Berktay predicted that in the farfield (o0 > 1) and for strong
absorption (A > 1), the pressure on axis varies as

O*E?(t)

P« lallm%

- A=
-

043
o 10F
(m\ 0.87
£
B AN
e . : : : : :
b &L . . : h \ f :
g b o L ........ N ...... ...... II"AOoku. 1.74
& : .. CONON
] :
2 - 60%
S : : : : :
<] : ; 3 : g
m 2+ mI"mOo\o ,,,,,,,, > ....... NN\ 4.34
: AH = 100%" .
d RH = relative humidity w P :
20 40 100 120 150 N&.mo

60 80
Frequency (kHz)

Thomas D. Kite, John T. Post. Mark F. Hamilton
Parametric Array in Alr: Distortion Reduction by Preprocessing

(wygp) uondiosqy
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[TR-21] ' [TRs 22 & 23 Unavailable At Time Of Printing] [TR-24])

Total harmonic distortion at £,/40 (%)

0.03

40

10 20 30
Transducer bandwidth A f/ f. (%)

* Square root pre-distortion increases signal
bandwidth

* THD: increases with m; decreases with Af

Thomas D. Klte, John T. Post. Mark F. Hamifton
gngECﬁBﬂQggggqﬁ

WEBR SHoK THEORY
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Xs( = posifron

1
“ \ .
7

T Wealr Shock Linait of Ranlhine- tc%gio,m Relatons

<mﬂﬂo+ .WWmﬁP.*.Crv

I Landau's mwcu\ Area Rule

Deteranine posiftion X
of sheck fu chP.I:u.

"areag”

)= Az

= Pecfect discentnoibres
sheck structure (9., i

Ug
!
step [ Vg
shoek Ua ._ _
> X
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m > X
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[TR-27]

ﬁoc@mm 375.5?&

Seurce m.o:%¢05

(0,1 = U, SN T

Foutier Series Solution:

00
W 1) = Us Z, Bale) st o.umc*f
> Tl = X/¥.
Balr) = < %Aml ) ) T< Dncr.s_v
2
= NGroy ) TR3 (sawutosth
mfoo: foemation >

L0

0.8

0.6

© HARMONIC AMPLITUDE

[TR-28] |
ACOOSTIC SATURATION

Q_mm cawtooth cofution (r=3)
0

< 2 : .
,:\ = C.o %ﬂﬂ.ri it o=

. Ei et T>>):

(Ve
2
U~ Uo 2 ARG UsK/CE SRR

n=«¢

. Nﬁo 00 .
= \WCX M(&.ﬂg SEA.

—= [lo Lm.omso_msnm on Us m

4
4

s EXTRA
’ ATTENUATION

SATURATION LEVEL 4

RECEIVED SPL

APPROACH TO
SATURATION

PLATEAY

LINEAR REGION REGION

/

SOURCE SPL

FIGURE 1-1
THE DEVELOPMENT OF SATURATION
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[TR-31 Unavaliable At Time Of Printing]

[TR-32]

U

yplo}

ugtol

o< <X

PRI R

@ G

uptol

Uglol

uplx!

ugtel|.

i n

tylo) tefol tylod

A H A E ...
[REIALT Uetnl t
(b)
=X Figure 3.4
The secoud exomple problem wovelowus
(6) 30, (b) O<x<%, (c) x=¥
E -
U l¥) v
tc)
v
[UNES] x: 2511
:-.n_
4 E — ..-.l.>. ¥ WIOUUES S DU GRS m...l.l _
tylo) v yinl Tl AR
(o) {b)
x = S4 {1

:O_-_ .

(o)
(b)

(d)

tyfx) v

(e} (d)

Figure 3.5
The second example problem (cont'd)

The source wovelorm in the shilted coardinote syclem.
The source waveform after propogoting 25 it
Just prior 10 shock meiger.

The simplilied wavelorm olter shock meigee.

P-mbar

[TR-33]
, EXPERIMENTAL COMPUTED
+60; OISTANCE v 1 h NITIAL SPLOdB  ogg] DISTANCE s1
&0 +40
.wom *20
o} 0 o
.uo_ -20
-0, ~40g s 9 5
«0!  DISTANCE 13 . «60] DISTANCE 13 f
248 +40
20| 20
.o.. , AL o|d77>. 977 N
0 VY 2| \V WHWV ™
-8 D —— L . S — - "
) 3 0 {5 ©5 3 0 5
0| DISTANCES37 &t 0] ODISTANCE «37 #t
? } —? Iy
\ é_
S 10 s
A5 DISTANCE + 61 ft 15| DISTANCE =8l ft
o *0
*S *5 7
— 0 - - /Q
A -5
e . (. 5 s [N R TR
*%5|  DISTANCE * 85 #t NSt DISTANCE « 85
05.—
.M_

TIAE - meec

FIGURE 6-9

VIME - msec

NOISE PULSE I AT VARIOUS DISTANCES




[TR-35]

{TR-34]

SPL (100 Hz BAND) - d8B

101 ¢

61

101

RELATIVE POWER IN A 50 Hz BAND — d8 - -

TONE
NOISE
TONE
AND
NOISE
FREQUENCY - kHz
FIGURE 3
e o e and 751
yvebster ¢ Blackstack
S ASA, b2 (97T)
0 —

10} N

220k -

-30 :,’/ '\\\ —

10k SOURCE SPL 150 dB N i

-50 i

N " i - aa b " " A " A4 a3
150 1500 15,000
FREQUENCY - Hz
FIGURE 6-15 .

EXPERIMENTAL SPECTRUM AT VARIOUS DISTANCES

131




[

TR-36]

D. A. Webster and D. T. Blackstock: Collinear interaction of noiss with a tons

[TR-37]

VI9CoVS , HERT CONDUCTING FLUIDS
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[TR=40) T [TRed1]

SECOMD-ORMER BASIC EQUATIONS

Let 0=P-p, 4_um¢o_ ete., use Lirct-ocder Eull_secovd-ordes waye equation
_

celetions fo stwip(i¥y Second-order terms v (hanonsen etol., TALA 28 | 249 (84T
and Nmsog <9.+~,n,,u (VX0 4 ebtatn: SR

foz_ L 2% §%p  p
(- Ge)t +a Xﬁ-muww

Continuity 2
S (v )
2¢ £ VU = 5 PM\N + Lo
P) N T 5 cZ o>t
t £.0 « Westervelt mmcp.roﬁ
Momentum [Westervelt, TAsH 38 , $35 ((163)]
30 =~ ~ So0p -~ 2 12 $2% A R
@uﬂiu-waﬁﬁmea%saﬁ oo awwv?,axw - g et
The a oé?artng 20 o obtain Wesleruelt
mb.mabu # State mACP._.mMJ\, restncts it o 469&205.@
\ Y R/ [\ 8 2 bawﬂmmﬁrv@ waves.
¢ = mﬂAﬂ;NmVMHWImo& zA P
T U2 2 | .
% = mM lwmﬁomw = \»pm wosw\.bs &msml% A=+ INWIm = coeflclent of 305:581.@
v e X (
Mote: For wamﬁmwﬁ,cm 295@ waves we have § H.%MAWM+WV+.WM |ml<..|hﬂ
ArHO at second order in Which cace = Sound i Crp.Zl.\mew
+the momentom equation (s (ineac! Y

& o =5 = thermovliscous attenuatiau
O
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[TR-44]

Particle Displacement Wavefields

Rayleigh Wave

Scholte Wave

Fluid

X

[TR-45]

NORMAL MODE EXPANSION

e Fourier expansion of field vector components:

o)

uE 2t = Y an(fn()e™,  j=1.. M

n=—oo
where
M = 2 for isotropic solids (uz,u;)

= 3 for crystals (ug,u,, u,)
= 4 for piezoelectric materials (u,, Uy, Uz, D)

* Eigenfunctions (depth dependence) from linear theory:

M

in ?vu
ﬁaﬂ.ANv — Mm.muvmu ks

s=1

where

k) = eigenvalues (vertical wavenumbers)

PE = eigenvectors

o Time dependence;

an(t) ~ by(t)edmt
ba(t) = slowly varying function
= constant in linear theory
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[TR-48]

EVOLUTION EQUATION

e Fourier expansion of particle velocity components:

o0

Q..\.Aﬂv <, ﬂv = M Cnﬁﬁv@HuANvmm=A&H|€sv

=—00

¢ Coupled equations for spectral amplitudes:

dv nw Im
- MU Il.l.._m.Naﬁl:v\SCq:

dr  2pct | = |lm|
o Nonlinearity matrix:
S, —_ W.AU .mﬂ&m»mw
ninany — .
e 81,82,83=1 T4 w\mh&. - s_,:\u._ Im A.&

where

F§ 5,5, = material constants
(s; = eigenvalues
M = 2 for isotropic solids
= 3 for crystals
= 4 for piezoelectric materials

[TR-49]

RAYLEIGH WAVE EXPERIMENT

Lomonosov and Hess, University of Heidelberg

Nd:YAG laser
1.06 micron split
50 mJ photodiodes

CERPE
z probe beams
AN
AV

fused quartz,

Laser excitation: x=0
1st probe beam: x=2.3 mm
2nd probe beam: x=18.3 mm

Theory based on 5 isotropic constants: u K AB,C
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[TR-53]
ACOVSTIC BUMD
(Macco Sonix)
\ ﬂwfﬁ
{
W S
soun
ptesswute
~jwt - ../ .m_uwrmun
e - resovatocr
shabrzc
preéssare
at
cq.Zam > \m..m.v

e/ \¢/

S = upper valve apen
@ = lower Yalve gpen

Probler A: :.uy SPL's needed ot QZEQQ,Q:m

é»Zm compression produce

R waves —% |osses / saturation

NN\ slhied

Scelofion: Intreduce Alspecsicn B suppress

shack formatten

[TR-54]

DISPERSION 1A HORNS

Webster horn equatons

m%«+.rum 2K Hlm

SN = cross sectioual area,

IR

Exponential horn: s(x\= g, 2Kk
Trial solaton: :Rx\tﬂ\mom%ﬁmgrxue.wm

Dispersion pelation: le ..ﬂ X( ||n.m =

= .m.nmﬂ HNATE»F&
L= T = cuteft .ﬂijSnm.
hase 4 |
MR& _“/ A A,
S N i -
o & > .
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[TR-3]

Philosophical

Introduction

[TR-4]

Philosopher:

Ludwig Wittgenstein in his Tractatus logico-philosophicus
(1921):

The world is
all that is the case

Original in German:

Die Welt ist alles, was der Fall ist.
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[TR-7]

Historical

Notes

[TR-8]

Acoustics

Combination tones:

Sorge (1745), Romicu (1751), Tartini (1754)

Difference tone:

144
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[TR-15]

Basic notions: state space

X3

A state % and a trajectory

Evolution equations:

X =f(%[) xeR™, jieRd

[TR-16]
Basic notions: attractors
fixed point limit cycle
(a) (b)
\\I/ /
(c) (d)
torus strange attractor
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[TR-19]

Basic notions: strange attractor

Experimental driven pendulum
¢ +dd +sing = asinwt

[TR-20]

Basic notions: Bifurcation

Bifurcation = Qualitative change of an attractor
when a parameter is altered

There are four local bifurcations.

1. Hopf bifurcation:
Change of a fixed point to a limit cycle

0

Example: van der Pol oscillator, ...

150

2. Saddle-node or tangent bifurcation:
Sudden birth of a limit cycle

QI'

Example: resonance curves turning over, ...
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[TR-23]

Basic notions: Bifurcation diagram

Period-doubling bifurcation:

1.026

1.023

1.020

population difference n

-
(=]
-
-1
1

1.014 T T T T
0.01180 0.01185 0.0119 0.01195 0.01200 0.01205
modulation frequency @

Transcritical bifurcation:

[TR-24]

Basic notions: Lyapunov Exponents

Stretching and folding:

.

7
.

7
V(t)

— LY L7727V A

<t

Experimental Pendulum Attractor:

P

W it

R
A s
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[TR-27]

Nonlinear
Time Series

Analysis

[TR-28]
Relation
Theory Experiment
in physics
trajectory .
in state space time series
high-dimensional one-dimensional

X3

time t

o Measurement yields a projection
of a high-dimensional trajectory
on one coordinate axis.

Question:

e Do experiments necessarily
give underdetermined results?
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[TR-31]

Nonlinear Time Series Analysis
Dimension Estimation

* pointwise dimension D of a point set M at a point P

Nr) ~ P, r-0

N(r) = number of points of Tl
the set M inside the ball .+ ™", "
of radius 7 around P

Examples:

Nr) ~ !, r-=0

¢ Chaotic attractors usually have
a fractal dimension, e. g. D = 2.35

[TR-32]

Nonlinear Time Series Analysis

Largest Lyapunov Exponent

Numerical determination from a time series:

156

max Nﬂ: _ NO Pt 2 s

e Method for determining the
largest Lyapunov exponent
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[TR-35]

Nonlinear Bubble Dynamics

Bubble Model Parameters

[TR-36]

Nonlinear Bubble Dynamics

Bubble Model

R . 3 R\ ., R R R dH
Hlﬁ‘ NN.TN H.I“wﬁ..mml H+ﬁ. m+ﬁ, Hlmu %Mm
Plr=R
H = dp(p)
Plr—-w pP
p n
= A|l—]| -B
r(p) P
~ 20\ (R2 - bR3\" 20 4u.
Plr=r = |Pstat + - Nwlwxw R R

Plrew = Pstat + p(t)

C = e +(n-1)H

R = bubble radius

Ry = bubble radius at rest

p = liquid density

po = liquid density at normal conditions (998 kg/m3)

p = pressure in the liquid

o = surface tension (0.0725 N/m for water)

u = viscosity of the liquid (0.001 Ns/m? for water)

¢o = sound velocity in the liquid at normal conditions (1500 m/s)
C = sound velocity in the liquid at the wall of the bubble

Pstat = static ambient pressure (100 kPa)

K = polytropic exponent (chosen as 5/3 for a monoatomic gas)
b = van der Waals constant (0.0016 to model some artificial gas)
A =300.1 MPa, B =300.0 MPa,n=7

p(t) = Pgsin2mrvt

It
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[TR-39]

Nonlinear Bubble Dynamics
Radius - Time Curves, 20 kHz, 70 kPa

[

Rn=70um Pa=70kPa

<

1.6
1.6+
1.4+
1.24

1-
0.8+
0.6+
0.4+

R/Rn

0.2

2.50-05 mm__.mm 7.56-05 0.0001
tls

Bubble Radius at Rest: 70 um, 2/1 resonance

Rn=55um Pa=70kPa

1.6
1.5+
1.4+
1.34
1.2
1.1

1
0.9
0.8+
0.7
0.6+

R/Rn

0.5 )

2.56-05 50-05 7.56-05 0.0001

t[s]

Bubble Radius at Rest: 55 um, 3/1 resonance

Period 1 Solutions from 2/1 and 3/1

Resonance

[TR-40]

Nonlinear Bubble Dynamics
Radius - Time Curves, 20 kHz, 70 kPa

6

Rn=105um Pa=70kPa

O
1.5+
1.4+
1.3+
1.24
1.1

1=
0.9+
0.8+
0.7
0.6

R/Rn

0.5
0

50-05 o.o%%_ 0.00015 0.0002
tls

Bubble Radius at Rest: 105 um, 3/2 resonance

Period 2 Solution from 3/2 Resonance
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[TR-43]

Nonlinear Bubble Dynamics
Radius - Time Curve, 20 kHz, 80 kPa

Rn=46um Pa=80kPa

1.8

1.6+
1.4+
1.2+

R/Rn

14

0.8+

0.6+

4
g

0  0.0001 0.0002 0.0003 o..owwa 0.0005 0.0006 0.0007 0.0008
S,

Bubble Radius at Rest: 46 um, 7/2 resonance

Chaotic Solution from 7/2 Resonance

[TR-44]

Nonlinear Bubble Dynamics

Response Curves, 20 kHz, 90 - 110 kPa

(Rmax - Bn)/Rn

(Rmax - Rn)/ Rn

1.4+

1.2+

0.8+

0.6

0.4

90 kPa

105 kPa

5 6 7 8 & o

Rn [um]

Intermediate High Driving
Small Bubbles
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[TR-47]

Nonlinear Bubble Dynamics

Response Curves, 20 kHz, 115 - 150 kPa

(Rmax- Rn)/Rn

(Rmax - Rn)/Rp

4
4

120 kPa

115 kPa

o
2 3 4 5 &6 7 881
Rnlum]
30
25~
150 kPa
20~
15+
10
5
130 kPa
0
2 5 10 20

Bnlum]

High Driving, Small Bubbles

(Rmax-Rn)/Rn

(Rmax - Rn}/ Rp
o W M A S o

Nonlinear Bubble Dynamics

The Giant Response

130 kPa

11

(=)
o-
-]
<
A
(=
W
=}
P
o
3
fo:
s}
S
®_J
o
©_
o
-

12+ 140 kPa

High Driving, Small Bubbles
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[TR-51]

(Rmax - Rn)/ R

Nonlinear Bubble Dynamics

Frequency Dependence

254

20+

15+

10+

150 kPa

80kHz, |
12/1

2 IR EEEL

Rnlpm]

High Driving, Small Bubbles

[TR-52]

Nonlinear
Bubble

Dynamics

Experiments
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[TR-55]

Single Bubble Sonoluminescence

Square container

M AT s e & TN N S ey

AP e

[TR-56]

Two Bubble Sonoluminescence

Cylindrical container

LS AR R RN RES AN I R AT 95y mj'

e

e T T S IR

168




w01 sus| dopuyg

S ()G ou dureljrant dn mojg]
sr ¢ g oty oo |

ZHY P12 iAouonboa) dutani)

(I3[5135) Y JO A$21MOD)

Aydeadojoyd peods Y3y
SOTWRUAD 9[qqnq 9[8uIg

[85-41]

(101s101) 3 AsaIno

outn) oansodxo qgp

90UR0SaUTUIN OO UﬂﬁﬂzﬁlOﬁwﬂmm

D

)

[L6-91]

9

16




[TR-59]
Single bubble dynamics
Comparison
experiment — theory
QO T T 1 i
50 -
E w :
m 30
W 20
10 ¢
0 |
0 10 20 30 40 50

time [us]
(Courtesy of R. Geisler and R. Mettin)

Driving frequency: 21.4 kHz
Driving amplitude: 132 kPa
Static pressure: 100 kPa
Bubble radius at rest: 8.1 ym
Surface tension: 0.0725 N /m
Viscosity: 0.0018 Ns/m?
Density of liquid: 1000 kg/m3
polytropic exponent: 1.2

[TR-60]

Single bubble dynamics

Shock wave at collapse

Driving frequency: 21.4 kHz

Interframe time: 30 ns
Frame size: 1.6 mm x 1.6 mm

(Courtesy of R, Geisler)
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[TR-63]

cylindrical
transducer

Acoustic cavitation

Experimental arrangement

driving
signal

power
amplifier

A
fo

function
generator

filter
bank

transient recorder

A

L_cavitation

memory

data

A

computer

[TR-64]

Acoustic cavitation noise

Spectra of a period-doubling bifurcation cascade

T ¥
<8 1 2 3 4 5 [©)
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-20
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-40 _
Y T
° 50 100 kHz 150
0 T T T T ¥
o8 t 2 3 4 s ®)
~104
-20
- — _ — _ _
-t Al ol A _
o O 50 W kHz 150
.m 0 7 T ¥ ¥
A=) 2 3 3 s Q)
mw-s
-20
luok
0 50 100 kHz 150
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chaos
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[TR-67]

Dimension

3.0

Acoustic cavitation

Dimension estimation

2.5
|
2.0 |

1.5

1

0.0
45

50

Voltage [V]

55

60

Lamda [bits/period]

[TR-68]
Acoustic cavitation
Lyapunov spectrum
4 |- L J
* *
2 .l.l‘l..||..l'llllallll.'.:llnﬂl'kll.l.ll’lll
O llllllllll ¢ ll‘.llﬂlll..nll.lu.lllnl.llul.l
‘N - . . . - .
lllllllll e
-4 | .
IQ - . .
-8 1 ! ) |
0 2 4 6 8 10
Embedding dimension
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Quantum Mechanics Tutorial

J. D. Maynard
The Pennsylvania State University

How are Quantum Mechanics and Acoustics related?
e Both involve the same wave phenomena (Wave Mechanics)

e The attenuation of sound involves molecular collisions which must be
treated with quantum mechanics

Solid crystals have quantized sound waves (Phonons)

e Interaction between phonons and electrons, effects of pressure, magnetic
fields, light (Raman, Brillouin scattering), etc.

Acoustics in Macroscopic Quantum Systems (Superfluids)

History| Events which led to Quantum Mechanics

¢ Plank’s theory of Blackbody Radiation (1901)
— Due to quantized modes of a solid (phonons)

— Not due light behaving as particles (many textbooks imply this; Plank
did it right)

— Energy of mode is quantized as Plank’'s constant (h=6.625 x 10734
J-s) times frequency of mode

pr()\) (arbitrary units)

| I R N
° 1 2 3 4 5 6

X (in units of 10~4 cm)
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Events which led to Quantum Mechanics, continued

e The Photoelectric Effect (1905): Light causes electrons to be emitted
from a metal

— Emssion begins almost immediately, even for light intensity of only
10-10wW/m?2

— The energy of the electron is proportional to the light frequency v
— Einstein: Light waves act like particles (photons) with energy hv

— Many textbooks say photoelectric effect shows that light must act
like particles; absolutely incorrect [Scully, Phys. Today, Mar 1972]

— Although wrong, light waves acting like particles historically suggested
that particles might act like waves

J

To pump <——
[ |h|

n

Ultraviolet light

i
o)

Events which led to Quantum Mechanics, continued
e Rutherford Scattering (1911): Electrons orbit heavy nucleus

¢ Bohr's Theory of Atomic Spectra (1913): atoms emit light at discrete
frequencies

— Electrons orbit nucleus classically, except only at certain radii

— The allowed radii are such that the electron's angular momentum is
an integer multiple of Plank's constant, divided by 2x.




Events which led to Quantum Mechanics, continued

e Compton Scattering (1923): wavelength of light is shifted when scat-
tered from an electron

— Historically, gave further evidence for particle nature of light

— Like photoelectric effect, conclusion is absolutely incorrect

e De Broglie Waves (Ph.D. Thesis, 1924): Electron (momentum P, en-
ergy E) is a wave with wavelength A = h/p and frequency v = E/h.
Explains all preceding experiments, and predicts that electrons diffract
like waves

¢ Schrodinger’'s Wave Equation for particles (1925) [more later]
* Heisenberg’s Uncertainty Principle (1927) [more later]

¢ Davisson and Germer (1927): Electrons in a crystal lattice diffract

Myths and the Mystique of Quantum Mechanics

e Wave-Particle Duality : Electrons may behave either as waves or par-
ticles

— The Law of Physics is the Schrodinger Wave Equation; everything
must be explained in terms of waves

— The Classical Particle picture is only an approximation (e.g. ray trac-
ing in optics)

— For some reason, people are reluctant to give up the notion of parti-
cles
e Paradoxes arise from Quantum Mechanics: There are no paradoxes;
they only arise if
— One insists on giving objects particle-like attributes

— One uses “detectors” which do not obey the laws of physics

e The Uncertainty Principle : This has significance only if one refuses to
give up the notions of particles

¢ Quantum Chaos : The Schrodinger equation is linear; there is no chaos
178
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A Valid Picture of Quantum Mechanics

1. Solve a Boundary Value Problem which is mathematical, rigorous, and
has a unique solution

NOTE: After step 1) absolutely nothing happens!

2. Make a Measurement
* A measurement involves a very large number of complicated elements

e The minimum, simplest element is a graduate student with lab note-
book .

e A system with many elements is sensitive to small perturbations

e No system is totally isolated (no shield for gravity waves); there are
always small perturbations

e The best one can do is use the results of 1) to calculate the probable
outcome of a measurement ( John von Neumann )

¢ Reference: Zurek, Phys. Today, Oct. 1991, “Decoherence and the
Transition from Quantum to Classical”

Setup for Quantum Mechanics Classical Mechanics
Newton's Law ] F = ma = dp/dt
Linear Momentum : f =m7
Angular Momentum L=Fxp
o 1 -
Kinetic Energy T= -2-mv
Potential Energy V= /F . dF
Conservation of Energy T + V = Constant

179




9
Classical Mechanics, continued
- - g 1 — -
Electrodynamics F=gqg [ + - (v X B)}
~ C
- - 10A
Scalar and Vector Potential E=-V¢-— vy
B=VxA4
E&M Force Potential U=qp-14.5
C
o= oU  daUu
T 8z dtdv,
10

Classical Mechanics, continued

Generalized Coordinates 71 =71(q1---qn,t)

™™ =7m (g1 - gN,t)

Because of constraints, N < 3M

Velocity Dependent Potentials U(g1---qn,q1--*4nN)

Lagrangian L=T-U= L(g,¢,t)
d (8L 8L
Lagrange's E tions ~|=—=}—-—=—=0
9 9 quati dt (Btji) Oq;

Note that the first term is second order.
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Classical Mechanics, continued

oL
Generalized Momenta Pi= o=
: ) dg;
Example: Charge in magpetic field Pz =mz + ECI-Az
The Hamiitonian H (qi,pi,t) = Zdjpj - L

1 a2
Example: Charge in magnetic field H= > (;3‘— %A) + q¢
m

Hamilton’s Equations g = —

NOTE: There are twice as many equations, but they are first order.

Classical Mechanics, continued

Conservation Laws: Suppose, perhaps because of some symmetry, the
Hamiltonian does not depend on some g;. Then

P = OH —  p; = constant
dg; ;

In particular, if L dosen't depend explicitly on time, then H = constant.

If the transformtions defining the gen'eralized coordinates do not depend ex-
plicitly on time, and the potential energy is velocity independent (conservative
forces) then

H =T+ V = Total Energy
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Vector Spaces and Function Spaces
A =5;A;%, Inner Product: A-B =X;A;B;
Functions Pa(z) = 3% (823 — 12z)
Inner Product < Yal|y¢p>= _/v,b} (z) ¥ (z) p(z)dz
Orthogonality <vYalp>=0
Unit Vectors <P | P >= &
o]
Operators | ¥y >= P | va> Example: P= .
Matrix Representation P =<¢; | P|¥; >
Expectation Value <P>=<9Ps|P|a>
Commutator [P,Q] = PQ - QP
14
Quantum Mechanics Formal Theory

e At a time to, the state (given a label “A") of a quantum mechanical
system is given by a point in a linear vector space: ¥4 (o) .

e The state is normalized at all times: < 94 (t) | ¥4 () >= 1.

e There exists a time translation generator (linear operator) T (t,tg) such
that

P4 (t) = T (t,t0) Ya (to)

e Define an operator H (t) such that T (¢t + dt,t) = 1 — iH (t) dt/h.

Since 9 (t + dt) = v (t) + (dip/dt) dt, then

H(5)$ () = ins

dt
182
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Formal Theory of Quantum Mechanics, continued

Consider the dynamics of the expectation value of an operator P :

d _po_d _ W _dv
7 <P>= 5 <v@IPI9@>=<v®PZ >+ <L Pp@) >

=< [ PLb O > - < ()| Po () >= = < [RH] >

e The Correspondence Principle

1 .
lim — < [P, H] >= ch, where F; is the classical quantity
R0 1R dt

1 ; OH,
If P = i im — i:H =q; =
g h—01h <le I1>=4q Opi
1 OH.
If P =p; lim — < i H] >= p; = —
P A—01h [ps, H] P 04qi

These conditions can be satisfied if we let H be the classical Hamiltonian,
but with the g: and p; replaced with operators satisfying

[qia q]] = 0’ [Pi,Pj] =0, but [qivpj] = 17"51]

16

Formal Theory of Quantum Mechanics, continued

There is more than one way to define the ¢; and p; operators.

; . . 0
Coordinate Representation g — g, pi = —zﬁ—a——
q;
. ' .. 0
Momentum Representation Di — Di, qgi zhb-—
. Pi
Heisenberg Representation gi, pi — Matrices

Example: [z,p:] f(z) = = (—ih;;) f(z) - (—-i'ﬁ-aéx—) zf (z)

= —zih% +ikf (z) + iﬁz%{:— = ikf (z)

h2
In 3-D coordinate representation: p2/2m = —%vz
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Formal Theory of Quantum Mechanics, continued

2
Suppose H=T+V=2_ 4V
2m
Then we get the Schrodinger Equation:

W
B v2w(r t) + V(1) ¥ (7,1) —szé;

Suppose V (7,t) = V (¥) . Separate variables: W (7,t) = 4 () e"t.
Then we get the Time-independent Schrbdihger Equation:
h2
=5V @) +V (D7) = B ()

where E = hw. For closed systems E will be a discrete eigenvalue, or Quan-
tized Energy Level. The eigenfunction ¥ () is called a Stationary State.
The eigenfunction for the lowest E is called the Ground State. Discrete
eigenvalues are labeled with integers called Quantum Numbers.

18

Examples One-Dimensional Free Particle
R2 d2
Free particle: V=0 - —-——1/) =FEyY, E="hw
2m dz?
d2¢+k2¢—-0 k::% 2mE

Note classical momentum p = v/2mE — p = hk.

Solutions W (z,t) = Aeilkz—wt)

Waves of wavelength \ = 2n/k = h/p and frequency v = w/2w = E/h (de
Broglie!).

Note: w = E/f = (h/2m) k? = w (k) — Dispersion
For a common acoustics wave, w = cok, Linear Dispersion

Dispersion is a fundamental difference between free partlcle Schrodinger waves
and common acoustic waves.
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Wave Velocities and Dispersion
For W (z,t) = Aeik=—wt)  (kz — wt) = ¢ is called the phase.
What is the relationship between z and t such the phase ¢ is constant?

d¢ dz
=constant 4+ —=0=k——
¢ an —-)dt 7 w

Solving: (dz/dt) = w/k = v,,.the Phase Velocity.

Suppose W (z,t) = cos (kz — wt) + cos [(k + Ak) z — (w + Aw) ]

1 - .
= 2cos 5 (Akz — Awt) cos (kz — @t) = envelope x carrierwave

The envelope moves with velocity Aw/Ak — dw/dk = vg, the Group Velocity.
For linear dispersion, v, = v,. Otherwise, v, 7 vp.

Wave Superposition and Wave Packets

The General Solution is a linear combination (superposition) of eigenfunc-
tions

W (z,t) = / A (k) eitk=—w(®) g,

Suppose A (k) is peaked around
ko, as shown in the figure:

Note that W (z,t =0) is the Fourier Transform of A(k), which is a wave
packet:
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Wave Packets, continued

From a theorem for Fourier Transforms, the product of the width of the curve
in k£ -space and the width of the envelope in = -space is a constant. If the
curve in k -space is a Gaussian, exp [~ (k — ko)? /2], then the envelope in z
-Space is also a Gaussian, and the product of the widths is minimized.

Recall that A (k) is peaked at ko Let x = k — ky Then
W (z,t = 0) = /A'(k),eikzdk = eikoz/A?'(kO + &) e dx

For times t > 0, we approximate w (k) near ko with w (k) ~wo + (dw/dk) k =
wo + vgk. Then

W (z,t) = eikﬂ/ﬁ (ko + &) eilez—w(x)tl g,

~ ei(kov,-—wo)teiko(:z—v,t)/A (kO + I{) ein(:c——v,t)dn
o gi(kovs—woltyyy [(z — vgt), 0]

Taking the modulus eliminates the phase factor, leaving the original envelope
of the wave packet evaluated at (z — vgt) , i.e. moving with the group velocity.
With non-linear dispersion, the wavenumbers higher and lower than ky move
with different velocities, causing the wave packet to spread.
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ExamplesJ Piecewise Constant Potentials

Piecewise constant potential: V (z) = V; = constant for z; < z < z;41

For ;< B | vy =By, E=tw
or z; £z < zxiy, 2 d$2 + Viy = Ev, -
2 1
Lty =0,  k=1V2m(B-V)
Solutions: W (z,t) = Aiefhm—wt) 4 Bef(hz—wt)

Note that in some regions, E may be less than V;, and k; will be imaginary.
Solutions of the form ¥ (z) o< e™™* are called Evanescent Waves.

The coefficients A; and B; are found .by satisfying the conditions that ¥ (z)
and its derivative dy/dz be continuous at boundaries.

Satisfying all boundary conditions may result in solutions existing only for
discrete values E, which are the quantized energy levels.

LExa mples Step Potential

E
E V(x) =
Vix) =0 T=0
- . 1
On the left: P (z) = etkz -+ Re_'kz, k= 75; 2mE
oL 1
On the right: P (z) = T, qg= -fl\/ 2m (E — Vo)

Equating the ¢ and the dy/dz from the left and right gives two equations,
which are solved for the two unknowns R and T', the Complex Reflection
and Transmission Coefficients.

R=(k—q)/(k+q) T =2k/(k+q)

If E > Vj, then there are waves on both sides, but with different wavelengths.
If a wavepacket were incident, part would be reflected, and part transmitted.
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Step Potential, continued

V(x)=YV,
E - E
V(x) =0

x=0

If E < Vp, then g — iq, and the solution on the right becomes an exponentially
decreasing evanescent wave.

.
TR

The R and T become more complicated complex numbers, but | R |?, the
energy reflection coefficient, would be unity.

If a wavepacket were incident, the superimposed waves with E > V, would be
completely reflected.
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Examples

On the left:

In the middle:

On the right:

If g=1x,

Square Barrier Potential

k=+V2mE/h
= +2m(E - VW)/h

T = etc.

"’o
g
& OI —-x

. x=0 xma

1/)'(:1:) = %% 4 Re"’h,

P (z) = Ee'%* + Fe 9%,

¥ (2) =Te™

b= —i (k2 + «2) sinh (qa)

2kk cosh (ga) — i (k2 — k2?) sinh (qa)’

/\A/\AA, .

Y(x) —>

28

\/ \/x..

x=

VvV
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Examples| square Well Potential, E < Vo (Bound States)

t A3
&
bl
0 | | T —>
Xx==af2 1m0 xmaf2
On the left: Y(z) = Ae™*, k=+2m(Vo—E)/R
In the middle: ¥ (z) = Becoskz + Csinkz, k= V2mE/h

On the right: ¥ (z) = De™™*

The boundary conditions require either C = 0 and ktan (ka/2) = «, or E =0
and kcot (ka/2) = —«k. These two possibilities correspond to symmetric and
anti-symmetric bound states.

The transcendental equations yield a finite number of discrete values for the
energy levels E.

If Vo — oo, then the eigenfunction ¢ must vanish at z = +a/2 (the derivat'ive
dy/dz will be discontinuous). The eigenfunctions are the same as a string
clamped at the ends, with k « n, an integer. However, the string natural
frequencies are proportional to n, whereas the quantum energy levels are
proportional to n2.

Square Well Potential, E < V, (Bound States), continued

¥(x) vs. x
., \\l
- -~
I A g
”~
I -
\‘- .
o =52 i
N J R T
. El'
M| : -
~-~ /’ \ - . El _.—- ———————— -
<) A
- +a ® ®

For finite Vp, the eigenfunctions are shown with dashed lines, and the energy
levels are shown in (a).

For infinite Vg, the eigenfunctions are shown with solid lines, and the energy
levels are shown in (b).
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Examples The Simple Harmonic Oscillator Potential

. 1 1
The Simple Harmonic Oscillator Potential: V. (z) = —2—sz = —2-mw§x2

where K is the spring constant, m is the mass, and wp is the classical oscilia-
tor's natural frequency.

The Schrodinger Eq.:~ -+ —nuw,

Let y = /mwo/h = and let ¢ (z) =exp (—y2/2) h(y). Then

2 E 1
d2h dh+2(

Sy (= k@) =0
dy? dy hwo 2) )

If a series solution for h (y) is tried, then the series diverges unless (E/hwo — 1/2) =
n, an integer. Thus the energy levels are quantized with

E, = (n-l— %) hwo

The eigenfunctions h, (y) are the Hermite Polynomials.

The Quantum Mechanical Simple Harmonic Oscillator, continued

Normalized Wavefunctions:

1/2
W (z,t) = (“__Vm“’o/f”’) B (\/W m) o (mun/R)z?/2

2npl

h3 (y) =8y3 —12y
ha(y) =4y2 -2
hi(y) =2y

ho(y) =1
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The Quantum Mechanical Simple Harmonic Oscillator, continued

For a classical simple harmonic oscillator, z (t) = Acos(wet), and the total
energy is E = (1/2) mA2w3.

Classical result: g (t) = \/2E/mw3 cos (wot)

Quantum Expectation Value for state W, (z,t): <VWp|lz|W,>=0

Measurement couples states: W (z,t) = W, (z,t) + Wy (2,t)
Now <V z|Wo>=<Wulz|Wop1>+<Wpy1]z|Wn>
=2Re < W, |z | Wuyy >

- 2Re/ (1/)" () ‘fi(ﬂ_aw)t z ("/’n-i-l (=) e—i(n+§)%t) dz
= 2Re / Pn () 2Pn41 (z) dre ot

= 2Re+/nh/2mwge "t

= \/mcos (wot) =~ \/2E/mw} cos (wot)

46

Central Forces :

Spherical Coordinates N -
;I.‘.r%“
( E &
«r.0
- .8 .18 - 1 8
Vet 5 T reine s
2_18(,8 11 a/(. 8 1 32]
= =—|(r= = | ——=— | sinf— —_—
V'=Z0: "5 ) T2 [sing3e ("% T snZ6042

Conservative Central Force: F=Ff — V(f) =V (r)

Classical consequences for angular momentum, L = 7 x p.

=F=FxF=0 — L=constant

& &
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Central Force, continued

h2
Quantum Mechanics: Hyp = _ﬂvzgp +V(@)Yy=Ey

#2139 20 A2 1 9 _a_) 162]+Vr1/1 Ey
2mr23r ( 61‘) + 2mr2 [Sin030 sin 30 + sin2 0042 ()
Separate variables: v (r,6, ¢) = (1/7) R(r) © (0) ® (¢). Plug-in and divide:
1d%¢

-q—)dqsz = Fn (7', 9) = constant = —m? - b (¢) — eimdz

Single valued ¥ (r,6,¢ + 2x) = ¥ (r,0,¢) = m = 0,+1,£2,4+3-

2
1_ 2 (6ing®®) __m* _ Fn (r) = constant = —I({ 4+ 1)
Osinfdg de sin?6

Solution: Legendre Polynomial, © (8) = P" (cos ) and I = integer <|m|.

R2d?R | [I(l+ 1) B2
2m dr? 2mr?

+V(r )}R ER

Central Force, continued

Combine 6,4 : Y™ (6,¢) = \/214_: 1 ((ll-; :3: (-n™ g‘"‘*”P{" (cos 6)

X p= —ih¥ X V = L,% + L,jL,3.

Quantum Angular Momentum L = 7 x
o
L; = —ih (ya—i - z———) (sm qS—a—- -} cotdcos ¢—¢)

4

Ly = —in (zaﬁ- - m—-) ( cos ¢— -+ cot@sin ¢%)

8 8
Lz = —ih <$"a; - yg) ‘—1ﬁa¢
1 8/(. .98 1 82 ]
. 2 __ g2 = 60— —_—
Note: L=-r [sin 696 (s'" ae) ML
210 [ ,0¢ L2
= Vv
H 2mr29r ( 6r> t oz TV

Note [H,L?] =0, [H,L,}J=0 — <I?> = const, and < L, > = const.
Note L2Y™ (6,4) = I (I + 1) R2Y;™ (6, ) and L:Y™ (6, ¢) = mRY™ (6, $)
Expected modulus of Angular Momentum: L= V< 2> = VIA+ DR
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Coulomb Central Force: V (r) = (Ze) e/r.

R2d2R  [1(1+41)R?
2m dr? 2mr2

+Vv (r)} = —ER

lR (r) = e (2knr)! Gy, (2kar) , Laguerre Polynomials
r -

1 mZ2et

kn:% 2mEn, Enzm,n= 1,2,3,"‘

Foragivenn: [ =0,1,2- - (n—-1); m = -l,-l+1,--1-1,I, [ (24+1)
values)

Historical nomenclature: | = 0,1,2,3 are referred to as “s, p, d, f" states.

Energy eigenvalue E, depends only on n. Eigenfunctions for different I, m are
‘degenerate. Number of degenerate states = Z}‘z‘(} (2 +1)=n2

Arbitrary z-direction not a problem, because sum over degenerate states is
isotropic.

Coulomb Central Force, continued

~ oo

K=l lug

N e

WO .

- aAm2lml
TS 1 |
s 10 15

amdlad

Po(r)  r'R, (r)R (r)
T = —

WD WO m N WO = N WO e N WO e N
T T

Taadh14sT
5 0 15 20 25

- Am3lel

1 uﬂfr:;TTTTTH*¢LH
25

5 10 15 20

T

aw3in2

T

o
o

saaathiysg FERES]
10 15 20 25

I —
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]Quantum Mechanics History and Formal Theory, continued

e Stern-Gerlach Experiment (1922) Electron in a inhomogeneous mag-
netic field

Y

Deflection — magnetic moment — charge with angular momentum. But
atoms in ground state had Il = 0 — electron’s orbital angular momentum =
o!

e Dirac (1927) Extended formal Hamiltonian theory to include relativistic
dynamics — Electron has intrinsic angular momentum, Spin

Spin angular momentum: | § |= /s (s + 1)k, with s = 1/2. Note 2s 41 = 2.
. . 1 1
Z-component of eléctron spin: S; =msh, m,= —5 or + 5

Now: Quantum numbers for the single electron atom: n,l,m,m,

Wave function gets a two-element vector ( Spinor ) attached. Spin operators
are 2 x 2 matrices (linear combination of four Pauli spin matrices ).

| Quantum Mechanics|  Formal Theory, continued

For systems with many particles, there are generalized coordinates (and op-
erators) for each particle.

For classical identical particles, the particles may be distinguished by following
their (precise) classical trajectories.

In quantum mechanics, particles are waves, and the Principle of Superposition
means that identical quantum particles are Indistinguishable

Note: Any complete set of dynamical variables (or quantum numbers) K
which describes a single particle can also be employed for n particles of the
same kind, even if the particles are interacting.

Consequence: W (Nparticles) involves products | K1 >| K2 > --- | Ky >

Since the particles are indistinguishable, exchanging any pair of | K > ‘s must
give the same result ( Exchange Degeneracy ). There are only two forms
for W for which | W |2 is invariate under any exchange. Let P indicate one of
N! permutations. Then:

Ws=Y |Ki> Ky>---| Kn >
P

\UA:ZQP|K1>|K2>”-|KN>
P

where ap = 1 for even permutations, and = -1 for odd permutations.
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Formal Theory, Identical Particles, continued
Note: Ws(--K;--Kj--)=Wgs(--K;--K;--)
and \UA(--K,'--KJ'--) =—WA(--KJ'--K,'--).

Note: W4 = O if any two particles have the same K;.

e History: Pauli Exclusion Principle (1925). [From experimental obser-
vations on multi-electron atoms] There can never be one electron in the
same quantum state.

Consequence: Electrons must have anti-symmetric wave functions, W4

Generalization: Particles with half-integral spin quantum numbers must have
antisymmetric wave functions; such particles are called Fermions . Particles
with integral spin quantum numbers must have symmetric wave functions;
such particles are called Bosons .

Thermodynamic Distribution functions:

1
Fermi Statistics fr(B) = iy T1
. - 1
Bose Statistics fB(E) =

e(B-m)/FT _ |

| Perturbation Theory| Time Independent Potential Fields, V (r)

Suppose one can solve HoyQ = E%40

Wish to solve (Hp 4 V) ¢, = Ep3,. For small V :

0 2
En_E°+<¢°IV|1/),,>+ZI<¢k1V|¢ 2F 5
EO
k#n
- <Y$RlVIidR>
wn_¢3+§ o 70 v+

If degeneracy (EQ = E?) then diagonalize matrix.

Variational Method:
H1o = Egig is equivalent to finding the ¥ which minimizes

_<vylH|¢> :
<yly>

Write a ¢ with parameters, and minimize §H with respect to the parameters.
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Perturbation Theory] Time Evolution (V may depend on time)
Wish to solve (Ho + V) W =ik (8W/01)
If Hoy® = hwng?, then WO(t) =)  cne 9]

Assume W(t) = Z cn () e~ ntg)2
n
Plug in: Ei—c—k o lz < 1/)0 l 174 | ,(l)o > cﬁe—i(w;—w.)t
’ dt R4 k »
Assume ¢, (t = —o0) =1, and ¢ (t = —0)=0:

1 [t .
e (t) = i / <2V I¥l> cse~ it gy!
—00

w 70
Example: EM Radiation ]f:/ A (w) e(FF=wt) gy,
)
1 (. gN\2_ P 4z - Whe » @ o
=1 __A) =Fr 23 V-A A
( 2m mc Pt 2mc + 2mc?

w = wp —ws — Resonance . < 2|V |¥3 >= 0 — Selection Rules
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PERIODIC, RANDOM AND QUASIPERIODIC MEDIA

/

Anderson Loéallzafwn

- of Noalmear Waves

Julian D. Maynard
Department of Physics
Pennsylvania State University

~

TranstsTors and connectiy
wires become swall
(M(WﬂKS)

Does pkys(cs for I«rq()“
verstous  shil work 7
Ohws Law ?

V
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[TR-2]

Tunng -up a Quasicrystal

. | | )
Problem: Solve Schrodmger.: Eg. " for electron scallermg - from 107° jons

Wave e«iuatlon
\ Small , cold samples
Inelastic scattering
Long range
Statisties _ phase coherence

PerturbaTion Theory
Bolt zman eq.

Diffusion eq.

o Anderson localization © Unwersal conductance fluctuations

o Ahronov- Bohm effect o Noemal electrin persisTent cuwvents .
[TR-3]

Mesoscopic ~ Phase coherence on the scale of wicrons

Meqascopc. Phase coherence on the scale of milhious of microus

Expermerts : o Phase coherace ma 1-D- wive 10 m long

i Dcnufy of states n a 1ua:3cf~/sfq| > im in diameter

Classical (acoustic) analog systems (e analeg compu‘}us”)

Advantaqes ¢ Prease andegs Vz‘l’.;.[q:‘-._\/(r)]‘{’ =0
: All conditions and parameters may be pM;lsdy conTrolled
or measurved

© Precise measureserT of ciqenvaus, cigenfunctions,
deasity ot states | ete.
Moy study Time- dependent or nen-linear eftects cxac‘”y
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[TRs 4 & 5 Unavailable At Time Of Printing]
[TR-6]

CONTROLLING PFLATE RADPIATION WITH ANDERSON LOCALIZATION

HYPOTHETICAL prosLEM IN NOISE REPUC TION

A\
27

—

e

AN

\\]
I))
N\

————

X:. ‘\

L > 7
N\ R,
—_~— —
r t<1
[TR-7]

FERtoPIC ARRAY oF TI0ENTICAL RiBS  ( Ease of matu facture )

- D -~
¢ ———T0T 0 0 0 00T 00 T o0
R T > t¥
Exauple:  Electrot wm a smetallic <rystal
e — @ ® C] ® ® ® ®
‘T t Positive 1on lattice

Electrical conductmty o distance belween scafterers
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[TR-8]
DERIVE FROM GROUP THEORY: 8 GROUF THEOKY AND QUANTUN HECHANICS T (Chape

#laleuta)
Mathematics — FloqueTS THEOREM /l\/\/\/\/\/\/\

Sohd state — BLOCHS THEOREM o T TR
e pla ’
For a system with o periodic M R . P
poteatial or impedance , the “ il RN _/’/ = L
e\qcnfund(ous are extended : ) )
Regis)

Yk,n (X)= e[kxu,! (X) (e} 7\ A A /\

where U, (x+2) = U, (x)

im pin) .
a o’ OWM\/\A/\/}\/\/s ,:/-
h}k,.. (x) l ~ constant for all x e ~ -
Re pla)

kA/\/\/\/\/\

§ /s

. - P ral ) e ~ s,
Solid State:  Bloch wave functons — “ N AL A r/Q: N A F
DA DAz W N N NS e
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[TR-9]

PERIODIC POTENTIAL  V,(x4¢4) = V,(x)
¢ N ./.\’l\/u\ .
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(d)

Transverse wave amplitude (Arbitrcry units)
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Position along wire
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Measuremeal of Quasicrystal Eigenfunctions

[TR-29]

170

W27 SR
Q7 < ARSI
=L 7 = SRS Yo 27
T Sl X

S

[TR-30]




[TR-31]

‘TUESDAY )
SEPTEMBER 5, is#9

Copyriat O 1989 The NewYark Times

rocience Times

‘Impossible’ -
‘Form of Matter -
Takes Spotlight

‘In Study of Solids

mL.

fmtm mnnls Alivar tn natiira
[TR~32]

Pisocder and swonlinear ty

Nonlinear Waves

Disordered Fields

Anderson  Lpcalization
Universal  conductance ) Solifons

Flactuations

Chaos
Usrmal e]ectvan
posisTent carreuts

_

216




[TR-33]

[TR-34]

X

:L E?
f- PA L
1@; g

=

“What led you to the mathematics of chaos, Dr. Maynard?""

Does Nonlinearity Weaken iderson Localization?
Reference: Yes
1. P. Devillard and B. Souillard, J. Stat. Phys. 43, 423 (1986) X
Fixed output t, find t/r decays as power law for strong nonlinearity
2. B. Doucot and R. Rammal, Europhysics Lett. 3, 969 (1987) X

Fixed output: power law decay - Fixed input: exponential decay

3. C. Albanese and J. Frohlich, Commun. Math, Phys. 116, 475 (1988)
Rigorous theorem: Eigenstates of NLS eq. remain localized

4. Q. Li, C. M. Soukoulis St. Pnevmatikos, and E. N. Economou, Phys.
Rev. B 38, 11888 (1988) X
A soliton can force its way through a binary alloy

5. A. Soffer and M. I Weinstein, Commun. Math. Phys.
Same as 3.

6. R. Bourbonnais and R. Maynard, Phys. Rev. Lett. 64, 1397 (1950) X
Superpositions of localized states spread due to nonlinearity

7. Yu. S. Kivshar, S. A. Gredeskul, A. Sanchez, and L. Vazquez, Phys.
Rev. Lett. 64, 1693 (1990) X
Same as 4, but only for sufficiently strong soliton

8. R. Scharf and A. R. Bishop, "Nonlinearity with Disorder”, ed. F.

Abdullaev, A. R. Bishop, and S. Pneuvmatikos (Springer, Berlin, 1992) X
The nonlinear Schrodinger equation on a disordered chain

Numerical results; same as 7
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Connections to thermodynamics:

Volume, entropy, pressure and the Gibbs free energy G
dG =-SdT + PdV for hydrostatic pressure.

For stress o, and strain u,,
dG = lmQﬂn - Q%QO.;‘

Therefore:

mmlmwiu Hlmmsa I@MJ ==U; (alLif i=)
oT ) doy ).

One more set of derivatives yields:

C, = ﬂhwlw.u,\ (specific heat) and

m:..
o§.n mm’%w (thermal expansion) and
P

-1 [ ouy ) .
T\.\i = Ml ¥ (elastic constants) ---we measure this!
Sw )t
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[TR-7]

4 SIMPLE RESONANCES

which has as a solution dy/dt =constant. If we subtract 1.5b from 1.5a, we
obtain the more interesting result,

d?x dx 1.7
-M———2b— - 2kx = 0.
maE g

This equation is solved by assuming simple harmonic motion at angular
frequency w =2nfwhere f is the frequency of oscillation. Then

x(t) = xo8™, m:am - ~io 18

and we are instructed to take the real part of quantities linear in displacement,
force etc. to obtain measurable quantities.
Using 1.8, 1.7 becomes

{w?m + 2iab - 2k)x,07 =0 - 1.9

which must be true for any x, and t. Thus the quantity in parentheses must
always be zero, true only if

2 .
o=t m-m& -k 1.10a
m m m
Defining
2k m 1.10b
= = and = — .
g ™ n T 5

we write x(f) expl
find that

tly, choosing (arbitrarily maybe) the lower signin 1.10a to

rz?:.co:»vi i1

x(t) = x,e e,

Note that the dissipative effects that cause decay of the initial amplitude of

[TR-8]

RESONANT ULTRASOUND SPECTROSCOPY 5

motion x, with time constant T also shift the frequency to second order in the
dimensionless quantity w,T.

1.3 The driven resonator

The simple example presented in 1.2 is illustrative of what would happen if a
mechanical resonator is, for example, hit (gently!l) with a hammer. That is, it
rings for a while (of order time ), completing of order

Q=w,t/2 112

oscillations during that time. Because the decay is exponential, although we
say Q cycles are completed, this is not a precise statement. It is correct to a
factor of order a few in the sense that after several time constants, the
amplitude drops below the noise floor of our measuring system. But we could
also drive the resonator with a force £ varying hammonically at angular
frequency w and acting only betwesn the two masses (i.e. the center-of mass
force is zero) so that 1.7 becomes

dx [-% ;
~M— - 2b— _ 2kx = Fe ™™ 113
ar? at

which has as a solution a transient piece from 1.1 ata frequency near wg with
amplitude dependent on just how the force is initially applied and that dies
away with characteristic time 7 plus a steady-state part x(w) using 1.10b and
1.12thatis

Film 1.14

Xo(0) = .
o0) o’ -02+ion, /Q

The transient piece must not be overlooked in any attermpt to measure
resonances because before it has decayed away, it beats with the steady-state
solution, potentially causing somewhat strange results. This will be discussed
in more detail later,

Before we look at some of the properties of 1.14, we shall rewrite it in two
other forms below. Noting that the power P dissipated by the resonator is the
lime average of the force times the velocity (and is not linear in force,
displacement or the like so that we cannot simple multiply the right side of 1,14
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Features of ‘RUS

QProvides the highest absolute accuracy of any routine elastic modulus

measurement techniquc.

QDetermines the full ANISOTROPIC elastic tensor in a single measurement.

que-this minimizes sample prep

tive heating.

QCan handle the smallest samples of any techni

problems as well as errors introduced by radioac

OLANL is the lead laboratory in the world in the development and use of RUS.

[TR-12]
P. BONI o ol.

soft but sharpens significantly. We confirmed by means of
additional measurements in other Brillouin zones that this
mode has Iy symmetry (in Weber's notation).
1190 Although we expect that the n=3 degencracy is lifid
3170 beiow 7, we did not observe the expected splitting of the
) modes, cither because the encrgy resolution of the spec-
trometer was too coarse or one of the B&.&“ﬂgoa-ﬁn
only weakly and remains buried under the superlattice
peak. Further ncutron scattering studics are necessary to
elucidate this point further.

Alter identifying the lattice dynamics, which lcads ©
the tetragonal-orthorhombic phase transition, we per-
formed a detailed study of the low-lying phonon branches
in order to fipd evidence for the predicted breathing-mode
instability* of the LA mode ncar the zonce boundary. The
LA phonons were measured in crystals MIT-1 and MIT-2
using very fine steps in momentum in order to find the in-
stability (sce Fig. 3 for some representative scans). The
phonons remain sharp and the dispersion has a coaves-
tional form, ic., the LA phonon energy increascs monc
tonically with increasing ¢. This result is in contrast toan
observation in isostructural La;NiO4 where the phonos
cnergy decreases near the zone boundary. Moreover,

[EN-.H 30.6E, 40-40-40-80
Lanann | ML

v T

(counte/ITS sec)

ENERGY (meV)

FI1G. 4. Sp of tr TA; phor measured along
{110). The polarization vector is aloag [170), i.c., the scattering
plage is (AA0) (sample MIT-1)..

Pl o
n* {o}
295K, 78K
| o
473K
L YrafN
0 i |
040 Q4% Q50
3 (ts9)
1
W_uw
0 8 T—/J/
5k
o | ST ' ot i alaaaslon L Ao ) a L ° 1 S Loat
Q2 04 Q6 08 0 Q3 O O 02 Q3 04 QF 0 arn2aiado

{to0) foog) feso} lkeo]

FI0. 3. (1) Summary of the low-lying phooon branches in Laz-,S1,CuOs (samples MIT-1 and MIT-2). The lines are guides 10
the cys. The modes have boca labelod sccording to Ref. 4. The dispersios curves are oaly weakly tempersture dopendsal, with tx
sxcoptioo of the TO phoooa near the X point lsoe insct {c)]. (b) Calculated dispersion curves. Fillod symbols show the noarenormar
ized eaergios (bar pbosons) and the open circles indicate the ph with I, sy Y. which are renormallzed by inturactloos witd
the ducth 4 The pb with L4 sy y do ot lize {after Weber (Ref, 4)).

232




si ajdwes ayj ji pue ‘waysks saonpsuesi-aidwes 8y} Jo 1o ABiaus Jeuonelqia
Aue jonpuod o} J0u se os jews AiqiBbau apew aq ueo spes) |eouids)a
auy ‘s|dwes oy} A|luo JoejUCD 0} apew aq ued s180npsues) ay) oyos-asind
Joj jey) st dnjes @oueUOSD) B pue dnjas oyoas-asind e usemiaq SJUIBYIP
Koy v “Jayya ‘payad "JBASMOY 'JOU S| JUBWIBINSEBW BOUBUOS3I Y

‘Z 18ydey) jo 10jeuosal aysoduwiod
94} Joj UOHEINJED SOUBUOSAL DY} JO UOISIBA |EUOISUAWIP-93IY) 'XBIdW0d
Slow e Byl $) YNSBI BYL "PIOS 99Ij-199)3P BY) JO ISOY} WIOI) JEUMBLIOS
HIUS [3POW NdLJIP JAYIES SIY) JO UONNIOS € WOJj SWOD JBY) SIOUBUOSSI
aY) pue "Jaeds |ins si2IeNEDS ay) Ing “ABIBua eucneiqiA By jo uonedissip
0u8Q UBS aJay) "|apows ay) Ul papN|oul st WSILEYISW LOYENUSHE OU asNeSag
“19jua0 Bupaness A1ana jo adeys pue 'azis ‘uonisod ay MOUY @M UDIYM Ul 3UO
ussap Apubiis e mou si aidwes oy yoIym Ui japow e ajeseush Aidwis pjnoo
M 's|Iis jeuoneIndwon sy} pey am Ji “(aAedissIpuou 1o Jyse(a) uonenuaye
0132 9AeY 0} sJa19)eds 8y} pue s|dwes ay ylog awnsse osfe s3s7 ‘Jeaul|
8q 0} sJalayeds sy} swnsse Im Jey) J3qWIWaI ‘os aq isnw juiod juepoduw)

‘Sjuswainseaw SNy 1s8q 8y} J0j % 10°0 INOGR Yum pasedwod

1594 e Aoeinooe snjosqe %' inoqe sepiaoud Juswainseaw oyos-asind
94} Jey SJON 'Sninpow dyseld U UIBIqO 0} YIPIMpuURq ZH (0L=ZHINS L-ZHW
§'0 Jaao sepow g Buisn ‘01 =0 e Buney saoueuosal yim sidwes wo | e
JO juaWaJinsesw e J0j SPOYIaW JUBWSINSEaW SOUBUOS) (SNy) suis-jdems
pue (oyos-asind) asindwi usemyaq uosiredwod asiou-oj-eubis ‘| s|qe 1

Kson sy Aym sas o) ‘Aauanbayy edueuosas auy yiys Alduns osje s1ajuad
Buuayeog ‘Aouanbaiy eouruosas ay} Yiys Aidwis saoes aidwes |sjereduoN
'S3SSO| 8} JUIWJBIBP O} BPOW PIINSESW B JO O BY) SASN JUSWBINSEIW
SDUBUOS3! V "JUSWAINSESW SOUBUOSSI B UM 9SED 3y} 10U SI SiyL
‘UoleNUaNE jO
2INSESUS BNJ) B LINJAJ O} JUBWINSEAW 0Y0a-8s|nd B Joj palinbal st ased yonw
‘snyL ‘uonedissip any) Bundayyes Jou skem ur asind paataoal ayy jo Aysuau

N/S J0 ainsesw “Juasaud s82inos Buuaneos (aanedissipuou)
B Sl 4oIym ‘siojoey onsel® yum juswainseaw oyos-asind B Jo oyEWaydS g9 Ainbjd
0l OIXeg Ile Jo joos asenbs [ punospemess
I X ajoko Anp o8)ep A punos papeq
(je01dAy) A .
b 0L 8942 Anp sALp . )
JaAigoes wnwydo 1 . w I
2H,01=01 Buisn Juswainseaw ] O S
X 8pOW Yoe? JO YyIpIm aje|dwos anEoRY = Jensuel]
X S9pow Jo Jequinu 0L | Joj yipmpueq esiou ,
10°0=001/1 100'=,01/,01 1S BuiHEsS
ajes pImpUEq yIpImpueq
deamsysamod yeed iinjsamod yead | yun sod Jamod aALp
AdOOSON103dS ANNOSYHLIN LNYNOSIY 08
8uIg Jdamg as|ndw Jojowesed
Siuswainseaw jueuosal pue pasind Jo Losuedewod asiou/jeubis
[v1-41] [eT-¥L]

8y} @anpas oo} Aay) uay} ‘jejew sullielsAinklod e ur ssuepunog uleib se
yans 3 uj s109jep Bupaness-punos |lews sey sjdwes ay) jj “(weaq Jase| e jo

233




[TR-15]

Elastic constants of copper. B represents bulk modulus.

Single crystal Polycrystal (wire-drawn)

cij (GPa) H\MWMMMMAW Measured® | RP Cylinder

cn 168.75 170.88 193.61 194.25

¢33 205.88 203.98

ci2 122.14 124.63 105.65 106.84

c13 95.00 95.93

C44q 75.48 74.01 39.35 39.46

Cs6 43.98 43.71

B 137.68 140.05 |131.65 132.84

“Crystal rotated 45.4° about {100].

[TR-16]

Elastic constants of tantalum at room temperature.

T (K) | p (g/cm®) | c11 (GPa) | c12 (GPa) | ca (GPa)
300! | 16.678 266.7 160.8 82.5
300! | 16.678 266.8 161.4 82.5
3002 | 16.633 260.9 157.4 81.8
298% | 16.626 260.2 154.5 82.6
295 | 16.641 266.3 160.5 82.8

'D.L Bolef, J. Appl. Phys. 33, 2311 (1962).

?F.H. Featherstone and J.R. Neighbours, Phys. Rev. 130, 1324 (1963).

3N. Soga, J. Appl. Phys. 37, 3416 (1966).

*Euler angles (defined in Roe's convention) were determined to be a = 138.3°,
B =29.7° and v = 155.1° by RUS and a = 135°, 8 HAuu.. and v = 158° by

X-ray.
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[TR-17]

RUS sees, simultaneously, the collapse of one shear modulus and no
effect on the other in a 2mm single crystal of La, Sr,Cu0, at the
structural phase transition near 225K,
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[TR-18]
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Rus is a mature, fully
commercialized technique, now in its
second hardware generation-which
includes full phase sensitivity to
enhance sharpness

plications hysics, Materials Measuremen
and Nondestructive Evaluation

ALBERT MIGLIGRT ~
JOHN L. SARRAO
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Reprinted from
26 June 1970, volume 163, pages 15791580
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2 Earth the behavior of these lunar rocks in a =9
Properties and Composition of Lunar Materials: Analogies ermas of the expocied buavive oo P
on measurements of carth materials.
Birch (¢) first proposed a simple linear
Abstract. The sound velocity data for the lunar rocks were compered 10 numer- lation b pressional velocity
ous terrestrial rock types and were found 10 deviate widely from them. A groupof  ang density for rocks. This relation was
ferrestrial materials were found which have veloclties compareble 1o those of the  examined further by Anderson (5) who
lunar rocks, but they do obey velocity-derity relations proposed for earth rocks. showed that this was a first approxima-
tion 10 & more general relation, deriva-
,,, ble from a dependence of the elastic
Cerain data from Apollo 11, and however, was the very low sound veloc- moduli with the density through a
Apollo 12 missions present some dil. ity indicated for the outer lusar layer power function, Comparison of the re-
julties in that they require explanations  deduced from the LEM Impect signal.  F0/E0 HE00, Momparison of lunar
for the signals reccived by the lunar  The data obtained on the lumar rocks 1o @Ot PO P ‘predictions of these
seismograph a3 a result of the Impact  and fines agree well with the resuits of lationships exp graphically the
of the lunar module (LEM) on the Junar  the Apollo 12 selsmic experiment (2, manner they deviate from the be. oS
surface (7). In particular, the observed  J). These rock velocities are startlingly 0™ o rocks found on earth. The E3-
signal does not rescmble one due to an  low. The measured velocities on a vesle-  \io e Lo remarkably lower than =8
impulsive source, but exhibits a gener- Ular medium grained, igneous rock what would be predicted from either e o 3
ally slow build-up of energy with time. (10017) having a bulk density of 32 ¢ "p - Anderson relationships, 2e o 5
In spite of the appearance of the re. 8/6m* were v, = 1.84, 1d v, = 105 oy o ount for this very low velocity, e Il z
tumned lunar samples, the lunar seismic  km/sec. The results for a ; we decided to consid als other m £ o
signal continued o ring for & remark- (10046) with a bulk density of 2.2 g/ than those listed Initially by Birch (¢) 2 2 5
ably loog time—a characteristic of very <m* were v, = [.25 and v, = 0,74 EJ\_ or more detailed compilation of Ander- @ x 3 -
high Q material. The lunar rocks, when #¢ for the compressional (v,) an soo and Liebermann (6). The scarch [~ Te o %_
studied in the laboratory, exhibited a  3hear (v,) velocities, was aided by considerations of much w0 2> m m 8 M =
low Q (2). Perhaps most startling of all, It was of some interest to idy earlier speculati concerning the na- m m o > m = £Ea ml c s
- O ~ c
”Wﬂ&."“ﬂ(ﬂ 2
2ol T 555589
Table 1. Comparison of of lunar rocks and various earth materials, .m.m « 5% & s s s~
- O o > E o
Lonar rocts - Sedl - N v ™ Tamo € o E e e c
___nd chocues (km/sec) rocks  (kmrsec) rocks  (km/sac) rcks  (imfwcy  Minerds o om 3686 & £3
Sapsco (Swiss) 12 Dolomite 84 Schist 51 Grenke 9 Corundum 108
1 unar Rock 10017 1.4 Dolomite 4.6 Slate 3.3 Syenlits 37 Periclase 9.69
Gletost (Norway) 1.83 Limestons $.06 Charnockite 613 Diorite ER /] Spinel 291
Provolone (lialy) 123 Limestong 5 Gneiss 49 Oligociase €40 Qarnet 8.3
Romano (laly) 178 Greywscs 54 Marble 602 Andesite .3 Quarz .08
Cheddar -<=uxwa: wn Greywacks €06 Quartzite 36 Gabbro 58 Hemauts 7%
Emmenthal (Swiss) 1.63 Sandsone 490 Amphidolite (%] Gabbrg (1] Olivine 842
Muenster (Wisconaln) 1.57 Eclogite (%) Norite 450 Trevorite 7.23
Lunar Rock 10046 128 Disbase 3 Ume 195
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[TR-23]

Computation of resonances

“from Migliori et.al. Physica B 183,1,1993

The procedure for solving the direct problem
for an arbitrarily shaped elastic solid with vol-
ume V, elastic tensor Ciixi» density p, and with a
free surface S begins with the Lagrangian

L= % (KE - PE) dV (4)
| 4

where the kinetic energy, KE, is given by

KE = j po’u?, (5)

and the potential energy, PE, by

PE = Wn..\.t:..;.:».\ . (6)

[TR-24]

Following Hamilton, we allow u, to vary arbit-
rarily in the volume V and on the surface S
(u;— u; + du;) and calculate the variation 8L in
L. The result is

SL u\‘:nn side of eq. (8)),5u, dV
| 4

+\Qon side of eq. (9)),0u, dS (7)

A

The immediate results are two equations, the
elastic wave equation and the vanishing of
surface traction

N
p@U; + iy i =0, (8)

238

RiCijiity 1 =0 (9)
where {n,} is the unit outer normal to S.

Because of the arbitrariness of du; in V and on
S, the u,’s which correspond to stationary points
of L (i.e. 3L =0) must satisfy eq. (8) in V and
€q. (9) on S. There are no such u;’s, of course,
unless w® is one of a discrete set of eigenvalues,
the normal mode frequencies of free vibration of
the system.
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[TR-27]

NI\ Zx fnu\(“‘ N\
Z 2

AN 7 P 2
< WS — Alliltmmmmm“v
. . =%

Frequency
0.5

o T T T L4 T
1 2 3 4 S 6 7

Potato  Sphere  Ellipsoid Spheroid  Sphere Egg Hemi

FIG. 8. Frequency spectra of a number of objects in the potato family. The
seven stations correspond to shapes as labeled, with semiaxes as given in
Table II. The sphere frequencies agree well with those in the literature for
these material parameters (Poisson’s ratio = 1/4).*° The dimensional pa-
rameters d, ,,d, _,...,d;_ are interpolated linearly between the seven sta-
tions here. Several interesting features invite comment. First, the potato has
no degenerate lines, because of its low symmetry, and the sphere, converse-
ly, has few lines that are nondegenerate. The ellipsoid has no degeneracies,
and the spheroid, the egg, and the hemisphere (all being rotationally sym-
metric) do, but never more than doubly degenerate lines. Small deviations
from the sphere in the egg direction do not change any of the frequencies to
first order, because d, , increases as much as d - decreases, compensating
one another as far as affecting resonant frequencies is concerned. As in sev-
eral other figures, apparent avoided crossings on this plot should be viewed
with suspicion because the plotting program does not interchange line iden-
tities when physically the modes do, in fact, cross. Spectra are computed for
241 abscissa values here and clsewhere, which sets the scale on which avoid-
ed crossings may be spurious.

Fig.3

[TR~28]

Outline sketch of
rock the sample to

the stepping-motor driven system used to

enable detection of

all the modes.

240




241

?v Q.nmu
, \x
" e ook
s an ey \ A A AN A A AL A
VTV Y A AR R R
u\J\)\J\J\J\l.MLAIqu?u?u?Lr
VY TSI
OV Y Y o
VDY Y TN
NV Y Y R R
VA i i ek e N R e
g\ A R0 0 0 e i e i
seu1q 10U NV YV VTV YV -

[oe-¥1] [6Z-4L]




How well does RUS do?

f in MHz 5120 Steel

mode f(measured) f(fit) s%err wt ki df /dc,,
1 0.340010  0.339508 -0.15 0.00 4 { 0.00 1.00 . . L
2 0.447200  0.447009 -0.04 1.00 6 2 0.13 0.87 Fine grained martensitic
3 0.490240  0.490304 0.01 1.00 7 2 0.16 0.84 steel
4 0.541860  0.541385 -0.09 1.00 3 2 0.02 0.98
5 0.557460  0.556670 -0.14 1.00 4 2 0.00 1.00
7 0lomero  0soeen 110081 0.050.0s free moduli are cit, cad
8 0.615590  0.615232 -0.06 1.00 2 2 0.02 0.98 units: 10*dyn/cm
9 0.623100  0.622549 -0.09 1.00 8 2 0.07 0.93
10 0.642700  0.642863 0.03 1.00 1 2 0.12 0.88 =
11 0.675510  0.676327 0.12 1.00 5 2 0.10 0.90 Mmass=0.2875 gm
12 0.683560  0.683290 -0.04 1.00 8 3 0.05 0.95 0.412 x 0.340 x 0.264 cm
13 0.690650  0.690379 -0.04 1.00 2 3 0.16 0.84 p= 7.785 gm/cc
14 0.746720 . 0.747308 0.08 1.00 5 3 0.10 0.90 1= + 1
15 0.753860  0.754061 0.03 1.00 & 4 0.05 0,95 C11=2.7187 * .19%
16 0.827430 0.827516 0.01 1.00 7 3 0.06 0.94 C44=0.8148 +,02%
17 0.848300  0.849020 0.08 1.00 1 3 0.03 0.97
18 0.855320  0.854900 -0.05 1.00 4 3 0.08 0.92
19 0.870540  0.870830 0.03 1.00 6 4 0.12 0.88
20 0.878390  0.878949 0.06 1.00 3 3 0.11 0.89
21 0.882080  0.881934 -0.02 1.00 & 4 0.33 0.67
22 0.884870  0.884495 -0.04 1.00 { 4 0.21 0.79
23 0.887380  0.887736 0.04 1.00 7 4 0.20 0.80
24 0.891190  0.891837 0.07 1.00 2 4 0.04 0.96
rms error= 0.0653 %
g =
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RUS Block Diagram
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[TR-35] [TR-36 Unavailable at Time of Printing] [TR-37]

Transducer construction

Silvered Kapton Flim

Lithium Niobate Disc .\
| N |- ]
Diamond | | //
Cylinder ..v‘ Y Siveres
Kapton
Electrical

m— | 1.5 MM | Gu—Lead

Fig. 3. Shown is a schematic of the diamond/polyimide/
LiNbO, composite transducer used for all the measurements.

Silver diffusion bonded 0.375"¢ PZT-5A
Transducer with Alumina wear plate and
alumina backload

The bare transducer has a 2MHz
fundamental compressional mode
This technology won a 1993 RD100 award
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[TR-40]

RUS Cell with Silver diffusion bonded
transducers, using LiINbO, and an alumina
cylinder backload. This cell can reach 500C

AR I

The transducers are mounted beneath the
0.500"® 304SS screens that the sample
touches. Only the bottom one is visible.

[TR~41]
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background, displayed ona digitally addressed computer screen, may be less
than 1 pixel. If this is the case, one could not see the resonance by eye and
so it might not be searched for with software because the experimenter does
not know to tell the software where to look.

7.4 Sample preparation

The samples to be measured must be rectangular parallelepipeds (RPs) of
order a millimeter or two on a side and with the faces aligned
crystallographically with the microstructure of the sample if there is one, and
with paralielism and perpendicularity errors not worse than 1 part in 10°.
Obviously, the surface finish of the sample must be consistent with the
wavelengths and precision involved, greatly easing this restriction over the
requirements of a pulse-echo sample where optical polishing is required.
Unlike the pulse-echo system, the entire sample must be carefully finished,
with sharp edges and corners. The tolerances here are difficult to quantify, but
itis clear that if, as we shall see, the resonances are to be fitto a partin 103,
then all the geometric errors combined must be of this order.

If the sample is not isotropic, then the first step is to determine the.
orientation using some sort of microprobe; x-rays are the most common. The
sample is then cut to nearly the final shape using a wire saw, metallurgical

Sample goes here

Ground steel shims

Magnet

Figure 7.8 An .maw.m:umsmsn mo_.. :mu:-nqmomw_o: shaping of RP samples. The
magnet holds the shims down while molten wax, or other hard cement that
can be melted, cools.

246




'9|qeD S}| PUE JIONPSUEJ} Y} JO NI JUBjBAINDT Z°2 8anB)y

A N

LCLEPN Je3npsues;

o]

1 @onoesd Ul ) 0} PAYdIRW Ajldoapad 3Jam SOIUOJIDSId 3y} Ji ohel asioujjeubls
199)€ J0u pInOMm siy) ybnoyly "uaAlb ajdwexa ay) Joj 61 JO JOJOR) B S| yIIyM

wanprues i
. o+70
A e =

(22

124 yans 'A 96e){0A JaonpsueL) 8} JO UOHONPAL B §11NSa) 3y 'sadueldeded
om) ay) uaamIeq pareys si abieyd ay) 1eonpsuel) ay; O} |sfjeJed L) PRIOSUU0D
S1 91qed Yy} UIYM Ing T h="""A abeijoa B pue ‘Jednpsues aseq oy}
uo b abeyd e s9onposd uiess syl ‘ajdwes Byl jO SUOHEBIQIA JU) JO INSaJ B}
se Bulnooo ujens Aq peonpoud st Jeonpsues; aieq ay; uo padojeaap abeyoa
3y} teyy sy waqosd B §t1eYM "ZHIN | 18 YJOM Joj 3ouepadwt moj Ajqeuoseal
e $1 )1 ey} Buiueaws ‘peq 0s Jou i SIUL "(T5) SWIYO 008 JO dduelorsl aAldeded
aind e axi $%00] I3 008l JO souepadw ue si Sy ‘ZHW | j0 Aouanbay;
e pue ‘uaAlb sesueyeded 9Y) J04 Aousnbalyy oL I/ BJaUM JuZ St O pue
}- A 81 { sJ09uIBUa [BOUII]3 JO UOHUBAUOD 3y} Bumojio) ‘Jaideyd siy) ul aJaum

v Lo mole) - 27

S1 Ja0oNpsuel} pue
3(qe9 JO UOLRUIGWOD 9y} jO 7 eouepadwi| dARDSH 8y, 2L 9nBi4 Ul umoys
UNOJP B $13NS9J @Y1 *4d 081 INOGE SI 'XBOD ISOW JO [eo|dA) ‘91qeD jBIXBOD NOZZ
Oy j0 W Z jo soueydedes ay) Jey) S| Wa|qoid B $1 }) UoSeds ey wajqoid e
$1 )1 pue ‘aouejoeded |lews S|yl Yim Xoms aze am ‘sajdwes pezis-iajewiiw
3INSEAW O} PEdU By} Aq PaulLIS]ap S| SJBDNPSUEI) ISOY) JO BZ1S Y} 9snedeg
4d QL Inoqe si pes| Buiky uoidey ayi pue ysip uojdey Ydul-g'Q Iy uo
aue|dpunosb ay; usamaq aaueloeded au} ‘PaldrIIsud Ajinjaled UsYM "Axoda

S8 SIN3W3YNSYIW

[ev-¥1]

"y
4
o
w
T
o
e
.
o
&
=
8
[-%
o
L]
bl
™
B
-8
e
a
-
-
<
=,
°
-
o
-
o
=
g
S
2.

X, 'IBU VWU

09 0y oot 0dt

001 006 05L

/9

4

U99u1bus

soanqeladwaq bu

1e uoijeolqes pue uoijeziiqelds ‘buibe jo buipueqsiopun 494494

g 9|qBu9 ||IM puB 4oineyaq x9|dwoo pue you e moys 04 pa409dxo
oJe ny 4o saruadod oiqses Jo soipnis quepusdop-ainaeladus |

[z

-¥1]

~r

247




[TR-44]

88 RESONANT ULTRASOUND SPECTROSCOPY

and doesn't belong here.

Inpractice, approaches that minimize the attenuation of signal voltage
are adequate to prevent degradation of the desired signal by voltage noise.
One approach is to "guard® the input; the other is to use what is called a
“charge amplifier”. The “guard” method involves triaxial cable. Triaxial cable,
starting from the inside out, consists of a center wire-like conductor, a
cylindrical insulator, a cylindrical conductor, another cylindrical insulator and
finally a third cylindrical conductor. The outermost conductor is used as a
shield or ground. The inner cylindrical conductor (the driven shi Id) is
connected to the output of a unity-gain amplifier such as the voltage follower
described above. The inner conducting wire is connected to the transducer.
The effect of this is as follows, the description to be in 2 somewhat iterative
form, remembering that the process is really continuous. The voltage
developed at the bare transducer is at first reduced by the capacitance
between the innermost conductor and the first (driven) cylindrical conductor
because before the amplifier begins to work, the driven shield is connected to
ground through the low output impedance of the voltage foliower. Almost
immediately, the follower applies this same reduced voltage to that shield,
reducing the voltage difference between driven shield and transducer lead to
nearly zero. With nearly zero voltage difference between driven shield and
transducer, the transducer does not have to waste much of its precious charge

I I

— z L

Coaxial cable

Op-amp

= m out
Transducer : S

e ——— L

|
—— —_—

Figure 7.4 This is a simple Op-Amp preamplifier circuit with transducer as
input and feedback element Z to be discussed in the text.

[TR~45]
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which has two interesting limits. The first is at high frequencies, when joC is
much less than R and the gain becomes simply C/C, independent of
frequency. This is the most desirable of properties for our purposes as C can
easily be made about equal to the transducer capacitance, enabling us to get
the bare transducer voltage into the rest of an RUS receiver aimost without
penalty. This works up to about 7 MHz for the MAX410. The low-frequency
limit is where the limitations come in. When @=1/RC, the circuit starts to
behave as if only R were present. At this point, the op-amp noise current is
pushed mostly through R [which itself generates a noise voltage per v'Hz of
(4Rk,T)'?}, and the noise goes way up (10-MHz bandwidith, 1 pPAN Hzinto 10
MQ yields 300 mV RMS noise!) while at the same time the gain starts to drop
rapidly. For R=10 MQ and C=10 pF, the frequency where this occurs is about
1.6 kHz, well below any frequency we are interested in. Of course, this is the
circuit of choice for RUS preamplifiers.

The charge amplifier described above has an additional crucial
quality, which was really what we were after all along. Its output impedance
is of order 1 Q or less. This means that the signal at its output, determined by
Equation 7.7, can drive almost any load we care to use without changing the
output voltage. A typical load would be another, simpler amplifier. Such a
circuit is shown in Figure 7.5. As before, the feedback impedance Z, holds
the inverting terminal at ground, subject to the imperfections in the op-amp,

Z,

Op-amp out

L

i
Figure 7.5 A simple inverting amplifier.
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. basis of all the usual sorts of scientific and nonscientific constraints and
.t boundary conditions, decide just how much trouble to take with the data.
* Fortunately, RUS will provide very valuable results with minimal effort.

700 r .

Frequency (kHz)
[9)}
3

600 r :

—_ 1 L L 2 ! : 1 )
0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6

e — : _ A requency (MHz)
mmommo 225 230 235 240 245 250 Freauency (

Figure 7.10 The resonance spectrum of La, 4;Sr, ,MnO, taken on a high
|_|m3 Dmﬁ. mﬁc re AXV quality single crystal just above the magnetic transition. This noisy spectrum
with considerable background was adequate to determine for the first time,

' the three cubic moduli of this material to within a few percent.

7.7 Fitting RUS data to determine moduli

The spectrum shown in Figure 7.11 is typical of that obtained on a high-Q
specimen. As we shall see, there is a missed mode near 0.875 MHz and some
modes are split but easily separable as can be seen in Figure 7.12. In order
to determine elastic moduli, the mass and dimensions must be measured and
then a computer program based on the procedures described in Chapter 4
and [7.8] used. The code (zpr.exe) developed by the authors, and the
workhorse code in their laboratory, available from the author [7.1).is a good
example to use here in expounding upon the nuances of obtaining a
satisfactory fit and, hence, moduli. From the spectrum of Figure 7.11 we

“..Mz.ﬁ G
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14 0.906710 0.870343 -4.01 1. 5 3 0,00 1.00
f. An adjustable convergence parameter normally left at 1.00. Other 15 0.908130 0.910573 0.27 1. 1 2 0. 36 0.64
values control the mix between steepest descent and minimization as ”M muwwwmmm w”w“wwmw ”m“ MM “.. w w m“ K m“mw
is typical in a Levenberg-Marquardt algorithm. Cll . e22 33 e23 el e12  ci4 e55  ces
g.  Acontrol parameter that blocks screen output so that the code can be N.:qwm.d: Mw:d rowuu 1.0735 1.0735 0.8319 0.8319 0.8319
called as a C-language subroutine. 0.30450 0.26650 o.uhuo
loopk 6 Ims error= 1.3927 %, changed by 0.000000 %
length of gradient vector= 0.000000 lambda= 1,000
The second line contains the initial guesses of elastic moduli in units of mzm:mwwwmm 1 1.00 o gy vecters
10" dyn/cm?. There must be the same number of guesses as the moduli to be .~ 9.99788 -0.03 1.00 ) o
fit. itis essential to use every possible source to obtain a good starting guess, MMH“MHmu increased 28 by the following % changes in independent
or else the code may wander around nearlocal minima, never finding anything 2.95 -0.20
useful. Note that: 0.00 0.44
For 2 moduli, the numbers are c,, and Ces- The code also produces a file called rprio.dat. It looks like
For 3 moduli, the numbers are Cyy,Cyp and Cy,.
For § moduli, the numbers are sy, C53 .C,; .Caa. Ceg. mm~m wwnow 0.167200 1.00 1
For 6 moduli, the numbers are c,,, Gy, Cyy. €12 Coas Cos- 2.73724 0.83188
For 8 moduli, the numbers are Cr1e €22, G331 Ca3. Cry, Cyay Cogy Css 1Cog, w”wmmwmm w..mmmmm memz 500
.57 .
The third line contains the dimensions of the sample in cm, the first M.wowwww mwmwwww “..ww
number corresponding to the 1 axis, the second to the 2 axis, the third to the w.mﬂwww mewww W.ww o~
3 axis. The remaining lines contain first the measured frequency in MHz; the 0.714380 0.718480 1.00 n
second a number that is not read by the code so it can be anything, but we 0.758640 0.763605 1.00 ~N
shall see soon why it is there; and the third number is a weight determining m.wwmmww mﬁwmw“ w.mn
how strongly that mode is included in the fitting procedure. That is, a weight 0.625220 0.831537 1.00
of 1.0 uses the resonance; a weight of 0.0 does not. Values in between reduce 0.836490 0.839861 1.00
the dependence of the fit on that mode and can be used if the experimenter m”mmmww wmnmmww w.ww
has some good reason to use them. 0.906710 0.870343 1.00
Running the code for these inputs yields a very poor fit. Itis clear that we m. wmwwww w. EWW: 1.00
missed a resonance between the 13th and 14th modes. The output is written 0.952560 o araced 100

to a file called rprout.aat. It looks like
which is exactly like the file rprin.dat except that the fitted frequencies are put

120 Steel ; ! : .
wnom awmn: are cll, cd4 inthe second (unused) column for convenience in figuring outwhatto change.
using 10 order polynomials  mass= 0.1672 gm crho~ 7.790 gm/ce We can now insert a missing mode by simply adding a line 0. 0. 0. after the
? oaeso o o423 R H mnmmﬁ_om“r. fesonance at 0.84502 MHz, rename the file zprin.dat, and proceed. At this
2 0.578550 0.561709 0.55 1. 4 2 0.00 1.00 point, we shall also float the dimensions because we know that sufficient data
3 o.msumo o.mmw“wm W.um W M W w.wm w.wm exists to obtain a fit, Normally this should be left until the best fit is obtained
§ 5 5o o§e7558 058 1. 31 oopn 030 with dimensions fixed. The result of this pass is the following output
6 0.714380 0.718480 0.57 1. 2 1 0.01 0.99
7 0.758640 0.763605 0.65 1. 8 1 0.01 0.95 5120 Steel
8 0.766650 0.773214 0.86 1. 1 1 0.04 0.96 free moduli are cll, c44
9 0.785160 0.790428 0.67 1. 5 1 0.02 0.98 free dimensions are dl, d2, d3
10 0.825220 0.831537 0.77 1. 5 2 0.01 0.99 using 10 order polynomials mass= 0.1672 gm rho= 7.785 gm/cc
11 0.836490 0.839861 0.40 1. 6 2 0.32 0.68
12 0.844280 0.847863 0.42 1. 7 2 0.32 0.68 n fex fr Serr wt ki df/d(moduli)
13 0.845020 0.848405 0.40 1. 8 2 0.17 0.83 1 0.488260 0.486970 -0.26 1. 4 1 0.00 1.00
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[TR-57]

[TR-56]
MEASUREMENTS "7 118 RESONANT ULTRASOUND SPECTROSCOPY

12 0.844280 0.844449 0.02 1. 7 2 0.30 0.70 : . " "
13 0.845020 0.844597 -0.05 1. 8 3 016 0 84 dependence on the moduili. In this same __:m.ma _._m”ma the mode :cscﬂ n,
14 0.862400 0.863477 0.12 1. 5 3 0.00 1.00 fex the measured frequency; %err, the error in fitting that mode, k and i, the
15 0.906710 0.906592 -0.01 1. 1 2 0.4 0.66 mode symmetry and order as described in Chapter 4; and the weight used for
ww m”wwwmmw m”wmwmmw uw”WW w.. w W M”wm ””M“ fitting. Further down in the output we find the fitted moduli, dimensions, the
18 0.952560 0.952217 -0.04 1. 8 4 0.01 0.99 number of iterations required for convergence, the RMS error between fitted
1 22 33 23 13 c12 c4d 55 <66 and measured frequencies, and the change in that error between the present
N.Mﬂo N.MSo ~.wso 1.3208 1.1208 1.1208 0.8201 0.6201 0,8201 and previous iteration. Next come the eigenvalues and vectors for reference
' and debugging if the code crashes, and finally the all-important error matrix.
0.30001 0.2 P 26053 This was discussed in Chapter 5, but we remind the reader that the biggest
: : ’ entry in the first column is the approximate error bar for ¢y,. The biggest entry
loopt 7 Tms error= 0.0643 ¥, changed by 0.000001 % in the second column is for c,,, the third column for d,, etc. Note that for the

last two fits we did, we obtained values of 4,01 2.744, 2.755. The half-spread

length of gradient vector= 0.000002 lambda= 1.000 N "~
9 9 was about 0.2%, roughly consistent with an error bar of 0.15%, and very

uSn.:% wumwm 1.00 oawwmwﬁmﬂmnmo 0.00 definitely worse than the RMS error. Note also that the shear moduli always
4.69254 -0.03-0.99-0.11 0.00 0.07 seem to fit better and have tighter error bars—presumably because most of
246.97128  0.00 0.07-0.90 0.03-0.43 the lower modes are shear-like.
305.69754  0.00 0.08-0.31-0.74 0.60 i i in Fi
106.76410  0.00 0.08-0.30 0 67 9. o9 We end this chapter with a fit of the data shown in Figure 7.10. The
reader should examine very carefully the modes fitted below with the data in
chisquare increased 2% by the following % ch g in ind the figure. Note how distorted many line shapes are, and also note that the
parameters P i
0.15 -0.01 -0.01 0.00 0.00 vmmxm were JQ fitted to find the :mncm:m_mw‘ ..:¢< were chosen by eye using s
0.00 -0.03 0.01 0.01 0.01 a simple plotting program. The fit looks like this: e
0.00 0.00 -0.02 -0.01 -0.01 ~

L . LaSrMno3 285,50 0.0T
At this point we have done as well as the data permit. The output of the code free moduli are cll, c12, c44
contains several items of interest, and that have been found to be useful. In using 10 order polynomials  mass= 0.0179 gm rho= 6.364 gm/cc

the header where the moduli (and dimensions if so chosen) to be fit are listed, fex fr terr wt X i df/d(moduli)

El

the order in which they appear defines the order in which some of the w w.mwww“m W.muwwww .n.wu 1.41 o.mm-o.E 0.98
following data is associated with them. For example, for the first mode (n=1), 3 0.912100 ouw“:wm. -oum ”“ i WHJHWHMM w,.x
the numbers under af/d(moduli) are the sensitivities of the first fitted mode fr 4 1.025500 1.028140 0.26 1. 5 1 3.18-2.18 0.00
tothe elastic moduli (normalized to unity, which means that the numbers listed w w.wwmw“m WHWNW“ -m.wu w w m WWW.W .ww w.m._\
are the actual derivatives multiplied by a factor the factor of two that appears 7 1.242000 1.247010 0.40 1. 4 2 0.30-0.21 0.51
in the relation between frequency and stiffness). Thus 9 0.000000 1.265354 0.00 0. 6 2 2.28-1.47 0.19
9 1.268200 1,268338 0.01 1. 3 1 0.62-0.42 0.80
10 1.278100 1.280845 0.21 1. 5 3 3.18-2.18 0.00
2¢,,0f,, 2¢,,9f,, (7.11) 11 1.299200 1.297507 ~0.13 1. 2 1 1.69~1.15 0.47
e =00 and 7 =100, 12 1.323600 1.317075 -0.49 1. 8 1 1.41-0.96 0.55
n9Cs4 10Cu 13 1.491900 1.493765 0.13 1. 2 2 0.77-0.49 0.72
14 1.541500 1.542163 0.04 1. 1 2 2.71-1.86 0.15
. . L 15 1.561300 1.562077 0.05 1. 7 2 2.47-1.63 0.16
where £, is the first fitted frequency. What this tells us, m:a which is a general 16 1.586500 1.588603 0.13 1. 8 2 0.17-0.09 0.93
property of RUS measurements, is that one of the modes, in this case the first, ) mww 62 m»w €33 €23 cll  cl2  cdd e55  ce
depends only on c,,. This ¢can be a very useful piece of information because a 006 Mmuoom TWWS 1.9142 1.5142 0.6683 0.6683 0.6683
it enables one to use just the frequency of such a mode to track the particular 0.17201 0.13944 0.11727
modulus with temperature or some other variable without introducing the Wwv?» ¢ grams ecrors o.Euw mmcmum:omn by -.000001 %
scatter associated with a fit. This can boost the precision of RUS to better than nEmaﬁwcnmnm rene SMMMM:énmoE ambdas 1000
1 ppm when advantage is taken of this effect in a high-Q sample. Of course 0.00055  0.70 0.15 0.70
[2 \

it was crucial to obtain a fit in order to identify the mode type and its 1544359 w.wwuw.ww-m.mm




JUIBJISUOD By} Japun asuodsal olsele 8y} sindwon 7
‘asuodsas onsefd ayy bupndwod uaym asn am Jey) JulesSUOD |y} s syl
"0#b °L>1 104 B)IYM ‘0=b [ </ ‘uiel}S 0182 JE JBY) BION

be
0="ok+ bd+b(’ - )o=—
4@ '£99 (2661) 26 ‘wy 20S ‘Jsnody T "uolbiy v pue
“JBUISSIA "W'M 'ains1aT) "9y 197 BuIy 'l1I9g ‘W' L 'o_LES T 'IBNRIS 'Y 6L
‘€81 (€661) | g BAISAYd "ains|a "9y pue
ASl4 ‘Z '197 BUIN "I98 "W' L JBYISSIA W WEHIIM '0BLES T ‘WONBIN Y 872

‘88810 VN
‘b o) «owamw.h UNM o SZILIUI *} ‘WNgoAA 1D uobeug £, ouj Buiwng g uosiswg ‘Axoda wMMwwMM%w L'l
4 4 Z e “Shug - ‘ ot0es -1 o 1 -
bYek + Yol 14 2, _ < _ vZ yrez sAyd T 'emezewny ‘W pue '0j09 ‘L ‘OUYQ | 'oulwng "A 92
ok+ %o ,n.F +,bg 1 +Nu: bar o ‘08810 VN ‘PIoySYEM
“pY uoqnpny 0gg ‘uohelsodio) oibojeuy wolj ajqereae 91-SvQsS1 SZ
) ‘€246 VO
'0B31Q UES ‘aAnQ 013y LOPE 'SAIUONI9IT DI LIOS WOy d|qeiiere 1-sQd  ¥L
"980v6

VO ‘sferMuung ‘aAuq j8uqes ues Ozl 'sionpoid paresball WIXYIN €L
(0861 "NOA MAN ‘lIIH-MBIDOW)
BSION pue  'UoNeINPOW 'UCISSIWISUBIL UONBWLsjU] 'ZUeMUdS ‘W 2L
q9 'L0S28 WN ‘24 EUES "2ALIQ %2310 owely €1 ‘UolBIN Waqly o) (4sip
e puas Jou op) Jajlew ysip-Addoy} passaippe-jjas ‘padwels e pue ‘sn
00°02$ PUSS 'S1055300.d WNYUSJ JO) paziLdo UOISISA Od B UIRIGOO1 L2

lsjawesed JopiQ

$90U13)9Y

X "9 aund se |jam se 0 aind e jey) SadUBLOSSL SPUl A)jlBJnjeu 3pod

., 9yl ‘shinpow Jeays aind e osje si ,2 0s pue '‘anem Jeays aind e jo psads
. PUNOS By} SBUILIBIAP }| “IINPOW [BNpiApUL Ut aBueyd e yons Aq pabueyoun
os|e si pue uonoasip (0L 1) Bul Ut SSaUYRS Jeays ay) Buiquosap sninpotw
9y} st WajsAs a1qn2 e Uy g/(*'0-''0)= ,0 SB 0} paLajaJ SNINPOW 3Y] ‘junowe
. swes ay) Aq paseasou ase 2 pue ''2 yioq j pabueyoun aq Aouanbaly
kY apow 3y} ey UokIpuod 8yl Isnl sI sy “(Gv°L-) 979~ Jo oljes By} SE BLUES BY
; Josi 5 £noexa Aleau si gy |- st yoIym ‘(81 2-) ¥0 uo apow ay) Jo aduaspuadep ay) 0}
; % (81°€) **9 uo apow ayj Jo eouspuadep Pazilewou By} JO Ohes 3y} pue "o uo

ABuau3z s34

B ° 1>1 ] 3 aduapuadap ou sey Spow SIYL "p=U SPOLL JOJ BJEP 3} S! 1SaU3jUL Jejnoled JO
! 2 i
: Py . J N 10°0 20°0- 10°0
1< 00z Z1°0~ 10°0- 10°0
v0'0~ SE'E 82°C
sIajawexed

Juapuadapuy uT sabueyd § BUTMOTTO3 3ul AQ 47 PIseaIduy axenbsTyo

61 SANIWIUNSVIW
b iejeweued Jopio pue "o ulens usamiaq Buydnoo Jeaun

suoljisues; aseyd JapIo puodas Jo uondudsep nepuel-Binqzuio

[66-41] [gS-¥1]

255




[TR-60]
a’F
Caa(T) = ez lo:=0

Here's how! Use the constraint that F be a minimum and compute:

0 3 _
WMHTQ... T.)a +Bq +<mL =0

4

%4 «(T-T.)+3pq?

3
P9 3 59 _-38g(aq

mmw AQQ-I w.nv + wUQNVN 064 ¥ dey
Now compute c,(7)

P*F 2 3q \ 3y 0%q aq 3%
.mm.AA (T-T.)+3Bq Amu +?Q.|ﬂnv0+mo vwmiuﬁ +M<wM:+«mAm

Noting that if 7>T, then q=0 and that we are evaluating at e,=0 we get:

9 _ -y
@Q& QAM. - NlOV
giving
2 .
C44(T) =Cyq - QQNI ) if T>T,

while for T<T_ we find that

2
Caa(T) =Cuy +—Y and ,2 _ ~o(T - %), producing a so-called
ﬁA v 44 mnﬁ.nﬂnv q B
Curie-Weiss behavior on either side of the transition.

[TR-61])

Let's now look at quadratic coupling between strain and order parameter

1 1
F=-a(T-T,)q%+ MuQA + Moﬁmm +76,4q°

Minimizing F with respect to the order parameter q yields

daF
i (T -T,)+2ve4)q +Bg®=0
which has as solutions

q=0 above T, independent of e,

and

q2=- T -Te) +2yeg for 7<T, as ling as the strain is small,
B

The effect of this is that for

256

T>T,  cyu(T)=cyy

and for

y2
T<T,  cu(T)=cey-L-

2B

Thus a step discontinuity occurs!
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RUS sees, simultaneously, the colla pse of one shear modulus and no
effect on the other in a 2mm single crystal of La, ,Sr,Cu0, at the
structural phase transition near 223K.

240 260 280
Temperature(K)
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[TR-68] [TR-69]

Electronic Structure of the Narrow-Gap
Semiconductor FeSi using RUS

255 ﬁ
250 | In order to fit the data better, we consider a deforma-
| tion potential coupling which explicitly includes the con-
245 | tribution of conduction electrons to the elastic moduli
[ through a rigid two-band model (E(k) = E°(k) + dr(k)er,
[ where d(k) is defined as CE(k)/d¢er,and eris a symmetry
240 strain)
235 [ Consider the free energy for conduc-
f tion electrons with band index i and energy E(k):
30 | o cn —E'tk
2 o o Fa=—kaTY In| 1+ exp (A2 E®\] @
ik kg T
225 i _ : _ here 4 is the chemical ial. Explicitly: calculati
520 530 540 550 560 570 where u 1s the ¢ na:nm -potential. Explicitly: ca culating
the symmetry elastic moduli, cr = 0*F/de}, and assum-
.ﬂmﬁzbmﬁmﬁcﬂm (K) ing conservation of the total number of quasiparticles [5]

yields
l

¢r=cf == dik) fi(l - f;)
B k

R llsb:l\cm. 3)

ks T M»\l_ ~ i)

ﬂ..u:k 3
Salfes g,
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[TR-72]

Orthorhombic
Rhombohedral Monodlinic

N

a+Aa ‘j %\\\

| a-Ag|

Al

Figure 1. Shown are the parent FCC-like unit cell and the rhombohedral and orthorhombic derivative
structures and their orientation with respect to cubic axes. The arrows on the left cube indicate the direction
of the distortion that develops to take the cubic structure to rhombohedral. The two sets of arrows on the
right cube show the distortion directions that can take a rhombohedral structure and deform it to monoclinic
or to orthorhombic. Mn ions are at the corners, the center of the faces, the center of the edges and the body
center of the large cube.

[TR-73]

Before After c,,

After c*

Fi igure IFigure 5. Shown are the cubic face with the embedded square array of Mn ions (open circles) that
5_._ become the face of the orthorhombic unit cell (left), the orthorhombic distortion caused by a c,, shear
(middle) and the different orthorhombic distortion caused by a ¢* shear (right).
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[TR-76]

FRRIoILAL CaveLnLIed

Table 3.1-CRYSTAL STRUCTURE DATA FOR PLUTONIUM®*

wr

Stability Unit Cell Atoms per X-ray
Range, Space Lattice Dimensions, Unit Density, Refer-
Phase °c and Space Group A Cell g/em? ence
a Below ~ 115  Simple monoclinic @ 21°C:
P2,/m a=  6.183 + 0,001
b= 4,822z 0.001 16 19.86 6
c= 10,963 + 0,001
B=101.79° £+ 0,01°
8 ~115 - ~200 Body-centered @190°C:
monoclinic a= 9.284+ 0.003
2/mt b= 10.463 + 0.004 34 17.70 8
c= 7.859 £ 0.003
B= 92,13° + 0,03°
v ~200 - 310 Face-centered @235°C:
orthohombic a= 3,159 + 0,001
Fddd b= 5.768 + 0,001 8 17.14 9
c= 10,162 + 0.002
5 310 - 452 Face-centered @320°C:
cubic a= 4,6371 x 0,0004 4 15,92 10
Fm3m
[ 452 - 480 Body-centered @465°C:
tetragonal a 3.34: 0,01 2 16.00 1
I4/mmm c 4.44 £ 0.04
€ 480 - 640 Body-centered @490°C:
cubic a= 3,6361 % 0,0004 2 16.51 10
Im3m

* From W, H. Zachariasen and F. H. Ellinger, Acta Cryst.,
16: 369 (1963),
. H. Ellinger,
t Although space group 12/m is not one of t

Union of Crystallography, International Tables for X-r

F. H. Ellinger, Acta Cryst,,
8: 431 (1955), and from

he ''standard"

Birmingham, England, 1952, its notation is retaineg t

1 See Chapter 5,

[TR-77]

16: 780 (1963), W. H. Zachariasen and
W. H. Zachariasen and F. H. Ellinger,
AIME Transactions, 206: 1256 (1956).
space groups tabulated in the International
ay Crystallography, Vol. 1, Kynock Press,
o obtain a B-angle of approximately 90°.

Acta Cryst.,

Pu has the largest shear-wave anisotropy of any FCC metal. This
can produce distortions, wa rping and aging effects strongerthan

expected for other metals—

ELASTIC PROPERTIES OF FACE-CENTERED-CUBIC
PLUTONIUM*

H. M. LEDBETTER
Cryogenics Division. Institute for Basic Standards. National Bureau of Sundards. Boulder. CO 50302, USA
and

R. L. MOMENT
Rockwell International, Rocky Flats Plant, Golden, CO 80401, USA

(Recerved 22 December 1975)

Table 1. Eaperimental sound velocities and elastic constants for 3 Pu-1wi % Ga single crysual {velocities refer 1o
A diroction 4° from <110 in a {001} planc)

Mass denstty : ¥ = 1335 £ 001 g/em?
Longnudnal velocity:

~ 20284 3 00032 x 10°
Trnsverse veloctscs: i 200002 x 10° cmys

o, = 14604 £ 0,002 x 10 cm's
©, = 0.5624  0.0009 x 10° cmys
Elastic stiffnerses: Co= HC1u + €y 4 2C0) = 6310 3 0.038 v 10'® Nym?
Coa = 3359 4 0011 x 10'® N;m?
C =€,y = Ci3) = 0478 5 0.032 x 10'* N m?
1o = 3628 1 003 x 10" Nym®
Ciy = 2673 1 0027 x 10'* Njm?
B = HCyy + 2C,3) = 2991 % 0030 x 10'° N/m?

Elastxc anisotropies: A = CoyC = 103 (afier Zenery

A = HAIAKRANY + 254) = 6.7, (after Chung. Buessem)
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The shear anisotropy in §-
stabilized Pu at room
temperature is 7:1, and only
one measurement of it has
ever been made
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RUS has important applications to nondestructive testing for
quality control in industry and government.

First launch of the Trident 1l SLBM

NOT LIKE THIS
(from The Economist)

267

Amplitude(arb units)

Resonances can be used to determine
manufacturing flaws. Below is shown a
spectrum taken from a Si,N, ball bearing
used in the space shuttle. The error in
roundness causes two degenerate
resonances to split. The splitting
determines the error in roundness.

0.5
0.4
J
0.3+
0.2 4 . 700 ppm
. d \
0.1 Y \
Y
S ~, )
0.0 T LI -1
886750 887250 887750 888250

Frequency(Hz)




ACOUSTIC RESONATORS AND THE PROPERTIES OF GASES

Michael Moldover
National Institute of Standards and Technology
Gaithersburg
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Acoustic Gas Thermometry

dJdilute monatomic gas

1
— 3 1 _ 3mc
—-mV! = i = 2 Ze? k, = =
m 2 'T zm( C) r 3 s T
H
R =Nk, =3Mc
s T
I . _I_ | <M
T, 273.16 K eiT,,)

Resonance Method

. length
time

= V¥Bxfx eigenvalue

. Vi 1= l.Ayﬂm‘< @1
V:“xf” Vo S
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Examples of Primary Thermometers

Dilute Gas PV =arr1 + £ o .
{equation of state) o - v

.
Dilute Gas LR _:g_r(n YAP .

Mec
{speed of sound} =t

Black Body Radiation

P _ . w
(power [ area} iR so}.’c’(f'—rr
Johnson Noise S
(power) -—- d r Tty
Dipole in Field E = 4B = -pBletan] #8.) _ | 2B
{energy) k,T k,

dilvte Ponatomry o To, Z273.16 exact

TV S EhT,  defines kg
'é" M <V2> = %R-’;V t/el:h'eg R
(W =3c? o o o0
_ MCE' M(VD,U”() {JEI ?
R= 'SS: Teo .,9_73 /6000

Fo ot To i It P—o
Volome ot 7T, 15 - P—> 0
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RADIAL RESONANCES IN A spugspe
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IN COMNSTRuCTION — Non-DEGENERAT £
Mooes
14
10,4 M1 12,1 13.1“ I:
TR A LU IE AN
2q 31 4 '-_l Z‘.-l :'l-.l:-;‘ 3'-. '.'.- .:'-!.
i xl||n|l.|1||.||:ll. llll
4
N
¢ |
L
o‘| l o'z l ols l o|4 ols l ols
1.1 1.2 1.3 1.4 s
L i 1 J
0 S 000 10 000

Cloan Gas

L L
e Mum \E
Stwornm’:swe §
Vmw§
PRT N
T rm§
\
N
N
% § .
N\
\
\
\
PaT §

Figure 5. Cross-section of resonator and pressure vessel. Ti
transducer assemblies are indicated by “T,"” and the locatioas -
the capsule thermometers are indicated by “PRT."
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Simplest Theory

Rigid spherical shell, ignore temperature

j, = nth spherical Bessel fumction
LR NP .7
da c
- fin,) (Rayleigh)

l =lofroot;l‘=0,l,2,...
n = & of Bessel fuction; n =0, 1,2, ...

Heat Flow Between Gas and Shell

]
s heat flow 2a rf

= (-1 «i)z1ox10%) lé/_“—‘;ﬂ

Pertucbatrsy Thers

From Morse and Ingard, Eq. (9.4.14); (W is the velocity potential)

flvi(rs)B(rs,f)dS
Af-ig = -1C s :
S U G

For the thermal boundary layer
f
B, =(1+ Dy - )5,
Upon integrating the bessel functions, you get the “right" answer:

(v - 1)5, 1
28 1-p(n+1)z2

9.
f

Note: B, has equal real and imaginary parts; therefore
frequency decrease -Af =g

One may write down B's for viscous boundary layer, ducts, elastic
response of shell, etc. (for radial and for non-radial modes)
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200 |-
0,8
| / 0,10
o
«200 |-
~4000L 1 1 PR | 2 N 1 PR
(1] . 0.5 1

Pressure (MPa)
FIG. 9. Mecasured resonance frequencies minus calculated frequencies

(scaled by lO‘/froqumcy) for (0,5) modes. Here, the calculation includes’

the effect of the thermal boundary layer and holes in the resonator; how-
ever, the calculation omits the effect of shell motion. The linear dependence
of & f/ fon pressurcis a result of shell motion. The slopes depend upon the
proximity of the gas resonances to the shell breathing resonance near 20.2

_, i
A/L(W‘;,‘(M/ / /(7"6!/”

600 — . . :

”

-

(-]
o

Y

.

0 10 000 20 000

Frequency (Hz)

FIG. 11. Response of the shell to radially symmetric excitation as a function

of frequency. The points are the average slopes of the curves in Fig. 9. The
curve is calculated for an isotropic scamless shell using the theory of elasti-
city and the elastic constants tabulated for aluminum (see Table V). The
idealized shell has a breathing resonance near 20.2 kHz.

A

/

150
100
50
Sleel

k4 /(i_{ff — 0

-50

13.2 13.4 13.6
FREQUENCY (kHz)

Figure 7. Perturbations to the frequency and .half-widlh of (0,8)
mode as a function of frequency, with argon in the resonator at
100 kPa. The frequency was swept by changing the temperature
of the resonator, which changes the speed of sound.
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Cp(1) + X6, R7

M .
Mmix Cyi(1-X%) TXC,, M (=x) tM, x

(,.,[:% X s m°/€ 'A’*’&ér‘u\ D»ﬂ (‘U"\/do'\I-uZL ’

Table 9. Sensitivity of ¢d to impurities

( 2
Impurity M Yo é d d‘:)
(g/mol) in He in Ar
H, 2 1.4 0.23 0.68
He 4 5/3 0.9
H,0 18 1.32 -3.93 0.12
Ne 20 5/3 *—4.0 0.5
N, 28 1.4 —-6.27 0.03
0, 32 1.4 -13 —-0.07
Ar 40 5/3 -9.0
CO, 44 14 —103 -0.37
Kr 84 5/3 . -20.0 -11
Xe 131 5/3 —31.8 -23
Hg 201 $/3 —49.0 —40
Table 10. Spgcd of sound ratio determinations
Gas Comment 104 _c(gas) _ 1
c(Ar-M) "~ Pressure Date
(kPa)
Ar-A
Ar-A 8-3 115 May 1, 1987
Ar-A 0-35 151 May 2, 1987
Ar-40 unprocessed —1915° ll(l);l May 21, 1987
Ar-40 purified 120 h —~183.92 131 May 4, 1987
Ar40 purified 240 h —184.35 117 :[fay ;;' 1987
Ar-40 urified 240 — 184, . 2y 20, 1987
purihie h 184.00 104 May 22, 1987

The value listed is the mean determined from the (0.2)-(0,6) modes. The rms deviation from

the mean for a single ratio was 1.0
e m V -0 ppm for the unprocessed Ar40 and about 0.1 ppm for all
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' ' - 25 kH,; o]
. e ° 0,24 2.5 2
Table 1. One-sigma uncertainties (in parts per million) from vae- © o °03f
ious sources in the redetermination of R o : g:; T
o 0 0.64-t0 kif, }
) - o . .
[ (Vol.umc) . . 08ac? . . .
density of mercury at 20 °C 0.28 = . ﬁ °© 8 o o- g 8
storage and handling of mercury 0.20 or ; o 8 g 9 s : E ;
thermal expansion of mercury (0-20 *C) 8/ 0.67 8 oo ° 3 o . i
random error of volume measurements y 0.20 - o ° .
corrections from weighing configuration oe
to acoustics configuration 0.10 -2} .
mass of counterweights ’ 0.14
1 1 I_ | 1
II Temperature 0 100 200 300 . 400 - 500

random error of calibrations 0.89 { 0.8 PRESSURE (kPa}
.

temperature gradient 0.4

Il s VI &

b = A hp kg oh, po

HI M/v,
Ar-40 standard
comparison of working gas to Ar-40

0.8/ { o7

2 PP ! 10“7/»‘ Joppm o ’)oa
IV Zero-pressure limit of (fo./ve.)? f ) 4
s.d. of ¢f from 70 observations at 14 pressures 0.68 ; €3 v .
. . 40100122 a
thermal boundary layer correction (0.3% of 04t Goad ) vce 54000 m)  Qccommodihin,
thermal conductivity) 030 | 5 tos TAeor7 coef
possible error in location of transducers 0.55 ' 5.2440.06 Detq h= o090,
<4T+10. q .
Square root of the sum of the squares L7
- g_o}'alcn 173
. ay oy
AgaA: \/LMC_ /;/’/78(2 o
2. ohen
— f ' -é- feretra Toghr g6
RERREETREREBO) v == ik
SESGZ=MCLTm oD B E ST
3R A%l TARAGLE) — & T
DHIEICT AR ( ‘32“! et AP > 14 571 1 1
Eggjéﬁ?g; -fgggwugm_z > 831t 1970 1950 l Thes
%umzk?wn B S RnZA8YEs A% Tknd K . Work
REp ldvE EROESEESRL Tl
TEEsREcE EsRDiveRas & - Y
z RN EATDO L D - : otnn
*EEIEERUCEE R RIEN 2aky Gl
[Jog~ & . R E—- 19 ¢ 3522 10 ”
R bR :%zt:“"!\*i‘{-. 2288 |
$LGES.ARIT KR ESEORAT Wolowg = R 7an
IEEREERILE TRUAREOILN] ProswatVoline g
= 3L L U BE et - TR W
85 Esniinh ButELRESL & .
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Figure 20, Excess half-widths of (0,n) resonances with argon in
the resonator scaled by 10%/frequency. Ag =measured g minus
calculated g. :

Amplitude

Amplitude

11700

11680
Frequency (Hz)

Figure 8. Relative amplitude of the acoustic pressure as a func-
tion of [requency in the vicinity of the (0.2) and (0,7) modes.

500 1000
PRESSURE (kPa)

Figure 21. Excess half-widths of (0,n) resonances with helium
in the resonator scaled by 10%/frequency. Ag=mcasured g
minus calculated g.
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Figure 7. Perturbations to the frequency and half-width of (0.8)
mode as & function of frequency, with argon in the resonator at
100 kPa. The frequency was swept by changing the temperature
of the resonator, which changes the speed of sound.
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Amplitude

Amplitude Deviation
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4776

FIG. 5. Top: In-phase (solid curve) and quadrature (dashed curve) vol-
tages from the detector as a function of frcqucncy near the (1,2) resonance
in argon at 0.4032 MPa and 296.309 K. Middle: Measured voltages minus
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FIG. 16. Measured zero-pressure frequencies minus calculated froquenciis

“for the (1,5) modes. The solid symbols represent the zero pressure inter-

cepts of straight lines fitted to data such as those displayed in Fig. 10. The
curves arc obtained from Eqgs. (68) and (69) with the parameters
€ = 3.5X 107*and €, = 3.1 X 10™*. The open symbols arc averages of the
three zero-pressure frequencies for each (1,s) set of modes. These averages
are also plotted in Fig. 15.
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At 6 1,2
— x 10 5 1.2
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-200 1 1 1 1 i 1 1 3 1 L

0 0.5 1

Pressure (MPa)
FIG. 10. Measured resonance frequencies minus calculated frequencies
(scaled by 10°/frequency) for the three components of the (1,2) and (1,6)
resonances. Here, the calculation includes the effect of the viscous and ther-
ma! boundary layers; however, neither the effects of shell motion nor the
effects of the holes are included.
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FIG. 15. Measured zero-pressure frequencies minus calculated frequencies
for the (0,s) (solid symbols) and (1,5) (open symbols) modes. The sym-
bols represent the zero pressure intercepts of straight lines fitted to data
such as those in Figs. 9 and 10. The intercept for the (0,9) mode at 21.4 kHz
is 254 parts in 10° above the predicted value. The (0,9) mode is close to the
resonances in the vent hole and coupling duct.

T
200} ]
100} 4
At 6
——x1
e X0
o ]
(MPa)-!
-100 - §
200~ | .~
o
0 10 000
s 1 N 1 N
0 10000 20000

« Frequency (Hz)

FIG. 12. Elastic response of the shell to excitation with symmetry of
¥,..(6.4) as a function of frequency. The points are the average slopes of
curves such as those shown in Fig. 10. The curve is calculated for anisotrop-
ic, scamless shell using the theory of clasticity and the elastic constants tabu-
lated for aluminum. The idealized shell has Y,.. resonances at O and 24.5
kHz.




Measurement of the ratio of the speed of sound to the speed of light

James B. Meh!
Physics Department, University of Delaware, Newark, Delaware 1 9716

Michael R. Moldover
Thermophysics Division, Nationa!l Bureau of Standards, Gaithersburg, Maryland 20899
{Received 2 June 1986)

Measurements of the resonance frequencies of the acou

stic modes and of the microwave modes of
a single cavity can determine u/e,

the ratio of the speed of sound of a gas to the speed of light.
Such measurements with a monatomic gas would determine the thcm{odynamic temperature T with
unprecedented accuracy. By judicious choices of cavity geometry and resonance modes, u/c can be
measured to part-per-million accuracy using cavities whose geometry is known only to parts per
thousand. These techniques can also be applied to measurements of the universal gas constant R.

A measurement of R would also require an accurate determination ‘of the average atomic mass of
the monatomic gas.
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Determi of Thermody tc Temperatures above 400 K

NBS/NIST results for Constamv Volume Gas Thermometry by Guildner and
Edsinger (CVGTI) and Edsinger and Schooley (CVGT2) are the most
accurate up to approximately 700 K.

Above 700 K, spectral radiometry is used to measure the ratio of radiances
from a reference blackbody and from a blackbody at unknown thermodynamic
temperature.

Problem: There is an unknown cause of error in the CVGT measurements,
and this error grows as (T..../T,..)" when radiometry is used to determine
thermodynamic temperatures at higher temperatures.
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THERMODYNAMIC PROPERTIES

1. Ideal-gas heat-capacity: c,n

2. Virial equation of state:

PV =RT(1 +B(D)p + ()2 + DY + ..)

Note: Resonance techniques are not recommended

for liquids because oscillations of container cannot

cannot be separated from oscillations of fluid
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WL\N
-\‘m
n|m\‘° Speed of sound data for CHF,-CF,.
E‘ - am| Pentatk thane = relrig R12S
\N‘
40

Temperature range 0.71 < TIT, ¢ 1.18

110 n 1 " 2 "

Oeviations of data from «(P, T) surface.
RMS deviations are 2x 10* x .
impurities cause larger systematic errocs.
The surface uses 3 parameters for C,%( 7,
{ideal-gas heat-capacityl, 3 parameters
foc each of the virial coefficients 8(7) and
C17) and 2 parameters foc O(7).

Calibration with argon; we measure Sucgoelfies gas

method requires stable resonator, frequency standard,
and thermometer; however, many errors in calibration
can be tolerated.

tolerant of temperature gradients in bath

example: propane, temperature range 210 K - 460 K
changes “IOS%

propase 2 2 H
(U gonl Uprogand) = ( JAUA] changes’ 16%

0
c (D o M 1
R Mu? - RT . 3 M, fa 2
5 MP fp
to obtain C,X7) to 0.1% requires T to 0.23K

MM, 1o 0.0001

intolerant of impurities, vexing problem with mixtures

inconsistencies among modes < 0.0025%

correlation of u{p,T) < 0.002% r.m.s

excess half-widths: Ag/f ~0.004% - 0.02%,

depending upon mode
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14
F Ideal gas heat capacity of R125,
i deduced from the speed of sound data
through the retation:
a 12}
i CANIR = Mu'Mut- RT).
1ok R s the universal gas constant; M is the
moleeuh‘ weight a0d ¢,” is the zero-
P N pressuce Rmit of o2, )
04 s

& o2} © | Deviations of C,(NR trom a polynomiat,

. ol-o. € o R 0 pcesent data

g‘ N e v ° ® independent spectroscapic

.'2 02} - aformation {estimated)

0.4}
1 2 N ,
260 320 380
K
emperature maximum number of
compodnd range pressurc isotherms
K kPa
Caadidate refrigeraats for vapor compression cycles
CF,-CHF, R134a 233 - 340 600 10
CFC,-CH, R141b 260 - 315 .10 s
CHQ1,-CF, RI123 260 - 335 80 6
CHFCI-CF,-Cl RI123a 265 - 300 0 2
CHF,-0-CHF, El34 255 - 327 170 6
CHF,-0-CHF, E134 255 - 374 9 8
CF,-0-CH,-CF, E245 278 - 384 50 b
CF,-HF-CHF, R236ca 267 - 380 600 8
CHFCI-CF, R124 250 - 400 900 17
CHF,-CF, RI25 240 - 400 1,000 9
CHF,-CH, R152a 240 - 400 1.000 9
CF,-CH, Rl43a 240 - 400 1,000 9
CF,-CH,-CF, R236f2 276 - 400 1,000 7
CHF,-CF,-CH,F R245¢ca 311 - 400 900 S
CF,-0-CF,H E125 260 - 400 1,000 13
1 composition RIMa/R3U/RI125 260 - 400 1,000 12
CF,-CF,-CF,-CH,F R338mccq 300 - 400 400 6
Thermoacoustic Refrigeration
5 compositions He/Xe 210 - 400 1,500 42
Semiconductor Processing

SF, 230 - 460 1.500 16

CF, 300 - 475 1,500 9

CF 210 - 475 1,500 14

q, /phaﬁcd- o <.

HBe M}J«Ac (1~ proyess)

BCl, _plasned oo e

WF, planned
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TRANSPORT PROPERTIES

1. Greenspan acoustic viscometer for -

bard sphere of diameter o

. (mk‘T)"z

2ot

2. Prandtl number machine

Pr =

c.n _ _viscous diffusivity

A thermal diffusivity

for bard sphere

wiN

3. If time permits, electromagnetic equivalent of

Greenspan viscometer: reentrant resonator
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Loss mechanisms spatially separated in standing waves.

High thermal losses High thermal losses
| !
nT
=

High viscous losses

Greenspan viscometer: A 3> length.

* |
m

) Acoustic pressure contours rlear duct end

Calculated from solutions of
(V% + K2)p(r) =0

28 =0 on boundary

on

t(mm)

contours
omitted

289

e L

x"——-A-CI _l_ _L-:
W = "L v,*\/;

w‘?- :wa(]'—(l—L)ié.a‘:)g.’* L
I+ (=)=t s
* (o) S

0.78 }

0.76

074"

8 /14

072 +

0.70 } . ..

0.68 . . . -

098 + .

096 |

bp /8,

092 |




AN/

Orifice cross-sections

Sharp corners Rounded comers
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-10 Y Y] 05
fractional arc length s/r,
Rira) 1 1a)®
R(0) 3| r,
R(0) = 0.96v R(r,) = 0.65V

1.0

Greenspan viscometer as an absolute instrument

(no calibration)— & oradirgde MecSepy:
meachie,

Argon in 4 viscometers

Experimental 5 compared with reference values
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51) 100 200 500 1000
p (kPa)

Viscometer 12 0.001 + 0.006
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Viscometer 23 0.002 £ 0.003

-0.005 + 0.003

Viscometer 24

290




Greenspan Viscometer

Argon (280 K; 977 kPa)

T T .10
290 292 294

Frequency (Hz)

in pressure vessel)

Helium 1.8 MPa (Argon
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A winner in the annual Bulwer-Lytton contest for the best bad writing:

“As a scientist, Throckmorton knew that if he were ever to break wind in
the sound chamber, he would never hear the end of it.”

Thermoacoustic Area

Viscous Area
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. 0. 2 nc
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FIG. 3. A figure of merit giving the ratio of inviscid thermoacoustic heat
transport to viscous power dissipation, as a function of pin size, in the
large-pore-size limit. Results for three Prandtl numbers are shown: o0=1;
o=0.67, such as for pure monatomic gases; and 0=0.4, such as for dilute
mixtures of argon or xenon in helium. For small enough pin radius, and
for small enough Prandtl number, the pin stack is significantly superior to

parallel plates or circular pores, for which lim M = 1 for all ¢.
LITE)

M=o Im[ f,)|1—/.|/Im[ f,) (8)
of these two quantities as a tentative figure of merit for
comparison of different stack geometries. We include the
factor \/; (where o=pc,/K is the gas’s Prandt! number)

in M so that when R,— oo for circular pores and parallel
plates, M —1 independent of o.
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Fig. 3A.9 A full color acoustic image coinposed from the three images of
three primary colors in Fig. 3A.7.
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Ceramic
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Fig. 18, 1) tmage of solder bond fixing the package fid, reveahing two vouds that nearly break the hermetic seal. b Image

through the ceramic of the device-ceramic bond with suprisingly few points of contact. Ficld.of view.is 12 x 12 mm
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Principles of Ultrasonic Force Microscopy
Kolosov and Yamanaka, 1993

Atomic Force Microscope (AFM) vs Ultrasonic Force Microscope (UFM)
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Speaker

Probe Microphone

y

Microphone
h .
Grazing Angle

|

Geophone

Flgure C2. Relative positions of source and sensors used foc selsalc tcansfec measurements.

ATTENUATION o8

] 0 100
FREQUENCY Hz

Measurements were
B4. Attenuation versus depth in a sand quarrcye.
Figure wade with probe at 5 c@ (s0), 10 cm (s0), 15 cn (ea), and 20 cm
(am).

At{qmbo(ouyk, Bm/go len

337

[g-u1]

y=4L)




{TR-6]

[TR-5]

-
N
O

60

i-N
o

MAGNITUDE X 10°°cm/siubar
N
()

100 150
FREQUENCY (Hz)

Figure C3. Measured (solid line) and predicted (dashed line) vertical seismic transfer function for Loess.
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Figure 3.4. Acoustic phase velocity measured with the probe
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in a sand with a flow resistivity of 85 rayls/cm.

338

200 250

aicrophone




[TR-7]

PHYSICAL PROPERTIES OF POROUS MATERIALS

The sample material consists of a frame or matrix saturated with a fluid

ps = density of solid component
pf = density of saturating fluid

volume of fluid
Porosi =
rosity (Q) volume of bulk

<
Q=L
Vb

Vp = Vi + Vg

Bulk density of porous material

Po= (1-Q)ps+ Qps

There are no isolated voids

[TR-8]

FLOW RESISTIVITY

Porous sample in a pipe of cross-sectional area A. Apply a differential
pressure to cease steady flow.

Flow resistance

DN

\\\“IVUN
.

D
/4

PAL

=4p Ap=pq-po v = average flow velocity/area
v
@)
™
o
Flow resistivity
S
= —
14
o= 4P (units Nsm-4)
v-¢
Measurement Techniques

Leonard'’s - Simplified Flow Resistance, JASA 17 (1 946)
Rudnick — Boundary Modification — JASA




9) = |eyajew pajeinies Jo AljAlsisey

11 = auoje pinyy Jo AyAnsisey

piny BuRONPUCD B YIM pPajeINes Xijew Jo awelj oulosield

INIWIHNSVIWN ALISONLHOL

[01-41]

eseq

2|eos

jeusiew
Axoldwes

Jajulod =5

2U8S0I8Y

w=m

ssew | ]

NOILVOIJIAOW SHOINANY HLIM SNLvHVddV S.adVYNO31

[6-41]

340




[TR-11]

SIMPLE POROUS MEDIA MODEL

1. “Soda Straw”"

R Identical
circular tubes

n = number of pores of radius R per unit area of cross-section

Q = nwR2 = porosity

2. Geometrical Packing of Spheres

simple cubic, beg, etc.

3. More Relevant — Random Packing of Spheres

soils, sediments, sands

[TR-12]

A BRIEF REVIEW OF LINEAR IDEAL ACOUSTCS

The linearized equations of state, continuity, and motion are:

p(s)=Bs = BP—Po “State”
Po

poVel+ .Wm =0 “Continuity”

-Vp=pg .wﬁlc “Motion”

Acoustic variables: p, p, u are pressure, density and velocity, respectively

Combine these to yield a wave equation
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[TR-15]

VISCOUS FRICTION FORCE
(SHEAR VISCOSITY)

Two fluid layers moving at different speeds

F ~ [Auy, Area, dy]

ou 1
Foc |uy + —%dy—-u, |dxdz—
_”x 3y y x.‘— dy
wzmmmHMumwﬂx = Strain qmﬁmuw_._n.mu%
dau
mux< "J%

For a volume element;

P = Qx , Ny = coefficient of viscosity
xy =1 9y  ox n=

[TR-16]

VISCOUS PENETRATION DEPTH

W drop-off of velocity from the wall

8y is the viscous penetration depth

In air at 10 kHz,

=20p
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[TR-19]
AVERAGE VELOCITY ACROSS TUBE
_ Pug2nrdr
z nR?
G, ——_1 301, 2 Jisv=i)
z iwpg 0z sv=i LoAmz\.l|3
with _
2
s= E = Enm = shear wave number
n 3q

In terms of “effective” or “complex density,” F = ma can be written as

-_—= Q§QN

p=p 2 Jy(sV-i) -
om;\WZoAmz\..lc

= effective density.

Effective density for semi-infinite slit of width 2a is

_ _ tanh(s"vi) -
p= ﬁo“u._ s U—

with

[TR-20]

T FE Allacd

ﬂﬂomﬁm&$ o Dm M.wbx_L N ﬂOﬂQ&M Egﬂ

ClsevieC 1793

m(PQ

(0] 1 N WY U
o 2 4 6 8 10 1

Fic. 4.4. The ratio p/p,y, where p is the effective density of a mc&.cm density
/. in @ cylindrical tube having a circular cross-section, as a function of s.
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[TR-23]
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5. 4.6. The bulk modulus K of air in a cylindrical tube having a circular
cross-section as a function of 5. The unit is the atmospheric pressure P.

W\\.
Alled

[TR-24]

ReK (R)
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ImK (R)

FiG. 4.7. The bulk modulus K of air in a slit as a function of s*. The unit is the
atmospheric pressure £,
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[TR-27]

FLOW RESISTIVITY IN BULK MATERIAL WITH CAPILLARY TUBES

P2
d H -+ 2R |« n # of pores of
radius R per unit
=
Pq
Ap Ap
C=0d Tazu
u-d G(nrR?)d

2
For D.C. flow (0=0), U; = Ml:ﬁlw.w

Substitute for g = 2P - __4P

u-d  GnrR2)d

8n 8n

2
:eBml ,and eliminate Wl

n n

Recall s =

8wpg
o2

s= shear wave number without measurables

[TR-28]

Rewriting shear wave number for tubes

8uwpg
S= Tubes
o v

For slits, a similar analysis yields

=N

Qa?

5 .
Recall m\ug\w‘w.oml a
n n
And in terms of o, Q
m~u‘\w8no .
oQ

Compare effective density and bulk modulus for bulk material composed of
cylinders and slits.
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N
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[TR-31]

ATTENBOROUGH / BIOT
SCALING BETWEEN CYLINDERS AND SLITS

Attenborough - scaled p and k
Pc(s) = ps(5/3 s)

Biot — scaled “viscous correction function”

-1
Ge(s)= -m,\uljaTu 2 J

Tol sv-iTo
Ty = J4(sv=)
._.o Hr_oﬁm)\llmv
o= |0PoR?
n
n_ 1 tans'Vi)
omﬁmvlm,\mTlnm:AﬂSg
s'Vi

Gc(s) = Gg(s)

[TR-32]
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FIG. 3. Plot of real and imaginary parts of p(4,) and p,(4,) aganst
frequency {Eqs. (14) and (15)], where the frequency range 100</<25 760
Hz corresponds 10 0.119 <4, <35
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[TR-35]

RESULTS OF SCALING

Pore Shape: Sp

e \men%m
mv o

Cylinders without Sp=1.0.

[TR-36]

SUMMARY - ACOUSTIC WAVE NUMBER

(low frequency approximation)
Ab. QN_ o, mﬁv

Bulk wave number

P
Kp = o,/
b Sx

o0 1/2
ic

Kp =k «mnm+

Ko s 122
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I M. Subatier et al, / Seit Teclnolagy 8 (1996) 259-274

CABLE

COPPER .
PLUG /
BRASS
CYLINDER
CAVITY FILLED WITH
NO. 308 GLASS BEADS
MICROPHONE
ELEMENT
MICROPHONE
HEAD
AIR HOLES
Fig. I Diagram of probe microphone. Insert shows enlarged view of the nose cone and microphone element
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[TR-43]
Calculation of Re(k,?) In Glass Beads
2000
Y/
‘_mg r \\ o .
— Calculated for each o 7
o ~=-Flt to Re(k, 2
W (ky?) /7
&~ 1000 -~ 1
5
g 27
7,
7
500 - 1
0f ~====C
0 500 . 1000 1500
w/2m

FIG. 5. The value of Re (k3) calculated from the probe data taken in glass
beads is shown (solid line) along with a fit of the form a;+c,w? (dashed).
Equation (8) is used to relate ¢y 10 ¢2. The value of g? calculated from ¢y is
the dashed line in Fig. 4 and is given in Table III.
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Flow Resistivi

¥ 60 microns X 125 microns @ 100 microns

W 275 microns & 190 microns
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[TR~47]

COUPLING OF SOUND INTO PORO-ELASTIC SOIL

» Airborne Source
* Pore Pressure Sensor — Probe Microphone
*» Frame Velocity Sensor ~ Geophone

Rigid frame no longer appropriate

Consider Biot Mode! for poro-elasticity used in rock physics community

[TR-48]

BIOT WAVE EQUATIONS
2

1?-0@"%!%?%

V2(Ce-ME)= mlm.?o ~mg)~ qmmvww
at2 ot
H, C, M: elastic constants

p, ps: frame and fluid density

2
m = 9Pt

Q

o: bulk flow resistivity

Dynamic Flow Resistivity
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[TR-51]

CONSIDER SOLUTIONS FOR WAVE EQUATIONS

Choose

E = Agi(tx - ot)

£ = Bei(tx - wt)
Substituting into wave equation yields

(He2 - pR)A + (pa? - C£)B = 0

(C2 - pR)A + (MR - M2 - icwF(s))B = 0
Det()=0 |

Hez - pa? p1e? - Ce2

Ce2 - psur mae? - M¢2 - icF(s)

Solution is quadratic in £2 = two roots or wave types
Biot Type |, Il Waves

Ratio of amplitudes of fluid and frame motion

=
1}
>|m

Numerical results for “standard input” for soils
llWave  Highly dispersive
| Wave Seismic “p-wave”

Plona Results

Phase velocity and attenuation

a——Phase velocly Type | wave

c—— B
2708.] woruston S hooe _* smail depersion
v

» sttenustion Incresses
proporiional 1o frequency

£
® a2z squared
M
0,004

orders of megnitude greater
than the type [wave

@

T
University of Missiarippi

* Biot (1956) theory.
* Vector decomposition to separate the dilatation and rotational deformations.
* Plane wave approximation.
* Dispersion relations are solved for the, usually complex valued, propagation vectors.
* Real part -> phase velocity. :
* Imaginary part -> intrinsic attenuation per meter.
* Intrinsic attenuation as considered here is associated with the conversion of "wave
energy” to heat as a consequence of the fluid viscosity. It does not include energy
which is scattered due to heterogeneities.

Type | P-wave (seismic or fast wave):

- little dispersion in velocity and small attenuation predicted.
« larger of the two compressional wave velocities.

Type Il P-wave (slow or acoustic wave):

« dispersive phase velocity and highly attenuated.
* both velocity and attenuation increase with increasing frequency.
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[TR-55]

Loudspeaker source

9 -4
»  Geophone
3 *  Microphons
85 E & Probe
5 83
E 3 Vl =240 m/s
o =
£ 75+ Transition
= r
7 E Shallow
v, = 143 m/s 1 kHz
85 T T T T
0 10 -9) 0 4 20

Distance (cm)

. @

University of Mississippi ~ w

. Loudspeaker source.
« Travel time curve using a 1 kHz tone burst.
- Porous medium is composed of commericially available sandblasting sand

» The signal on probe microphone, in-situ microphones and geophones are
dominated by the type Il P-wave at depths less than about 15 cm. '

* The type | P-wave dominates at depths greater than 20 cm.

Hockey , TAA
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[TR-56]

Shaker source

»  Microphone
x G one

=750 Hz
f=1kHz
f=1.5kHz

(]
1 1 1

Time (ms)
-t n w n o
2 \
e
-
. il
. L
Ll

Distance (cm)

The @

University of Mississippi =l

- Mechanical shaker source.

- Travel time curves using 3 different tone bursts.

- No measurements with the probe microphone.

« The in-situ microphones and geophones are responding to the same wave.

- The single slope indicates the presence of only one wave type, i.e. Type |
P-wave.

« No dispersion in velocity over this frequency range.

. The measure velocity is the same as measured at depths greater than 20 cm
using the loudspeaker source.

Hyckey - SHASA
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[TR-60]

REAL

IMPEDANCE

IMAGINARY

l |

100 500
FREQUENCY Hz

1000

Figure A5. Influence of layer depth (1 m, dashed line; 2 m, solid line) on

poro-elastic

layer impedance at 80° {ncidence assuming the

properties as {n Fig. A2,

same
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